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ABSTRACT
In the aftermath of the reactor accident in Fukushima, it has become obvious that there is a severe
lack in methods that would allow for the rapid determination of anthropogenic radionuclides in ocean
water. Current radioanalytical techniques for the determination of radionuclides in natural waters have a
number of disadvantages including the fact that they are time consuming, generate a substantial amount
of waste, and are typically multi-step processes. Additionally, the elevated amount of dissolved ions in
ocean water imparts a complex matrix that can interfere with the rapid separation and determination of
anthropogenic radionuclides. Therefore, due to the size, complex oceanic matrix, and the residence time
of certain radionuclides it is critical to investigate the isolation and rapid determination of anthropogenic
radionuclides from an ocean water matrix for environmental monitoring purposes.
The work described here focuses on the study of novel radioanalytical techniques that couple
extraction chromatography with radiation detection for the separation and purification of biologically
relevant radionuclides from ocean water samples. As with all methods for emergency response, any
procedure developed for the determination of radioisotopes in ocean water should be fast, rugged, and
reliable. In addition, the radiochemical separations employed need to be capable of efficiently removing
radiological and chemical interferences, so that high quality, defensible measurements can be made.
The research examined the effect of matrix constituents found within ocean water on the
retention capabilities of different extraction chromatography resins for various radioisotopes of interest.
The work specifically investigated the interference of sodium and calcium (two of the main constituents
found within ocean water) on the adsorption of americium, plutonium, and strontium on different
commercially available extraction chromatographic resins. The results from these interference studies
provided a foundation that was used to develop a new proposed method/technique for the rapid
determination of radionuclides in ocean water. This technique was then tested using samples taken near
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the Fukushima Daiichi Nuclear Power Plant. Additionally, the research also focused on comparing
standard procedures for radiocesium detection in ocean water to proposed procedures using two
different Cesium Resins (AMP-PAN and KNiFC-PAN) developed by Triskem International. As part of the
work, both Cesium Resins were characterized for solid and active component content as well as break
point for cesium uptake.
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CHAPTER 1: INTRODUCTION
1.1

Motivation
Nuclear operations conducted over the course of the past seventy years have resulted in the

contamination of the environment with a variety of potentially hazardous radioactive species.1
Anthropogenic radionuclides have mainly entered into the environment through atmospheric
testing/detonation of nuclear weapons, nuclear accidents such as those in Chernobyl, Ukraine and
Fukushima, Japan, as well as nuclear production/operation/reprocessing activities. Much consideration
has been given to the effect of this contamination on terrestrial ecosystems. Natural waters, however,
are by far the largest recipient of environmental contamination by anthropogenic radionuclides through
either atmospheric or aquatic pathways, with ocean water covering over 70 % of the Earth’s surface. The
elevated salinity of ocean water compared to other natural waters imparts a complex matrix that could
affect the isolation, characterization, and determination of anthropogenic radionuclides. Additionally,
some of the radioactive species that are associated with nuclear operations possess long half-lives and
have an extended residence time that poses a radiation risk for the marine ecosystem. Therefore, due to
the size, complex oceanic matrix, and the residence time of the radionuclides, it is critical to conduct
research on the isolation and rapid determination of anthropogenic radionuclides from an ocean water
matrix.
Anthropogenic radionuclides that have been released into the environment include a number of
biologically relevant radionuclides. The release of nonvolatile plutonium isotopes is, e.g., a growing
concern due to the large risk for internal radiation exposure from the ingestion of contaminated
agricultural crops and food sources.2 Plutonium is typically deposited in soft tissues and bone with a
biological half-life of ~200 years (239Pu). Plutonium is commonly produced in nuclear reactor fuel as a

1

mixture of isotopes, with

239

Pu (half-life: 24 110 years) as the predominant isotope.

239

Pu is ultimately

produced from the neutron capture and subsequent beta decay of 238U:
238
239
1
92U+ 0n → 92U

𝛽−

→

239
93Np

𝛽−

→

239
94Pu

Further neutron capture of plutonium can lead to the production of

240

Pu (half-life: 6561 years),

241

Pu

(half-life: 14.2 years), and 242Pu (half-life: 3.75ˣ105 years). The plutonium isotopes 239Pu, 240Pu, and 242Pu
all decay by alpha emission, which produces a high radiation risk when ingested plutonium becomes
localized within the body. Additionally, the ingrowth of 241Am (half-life: 432.6 years) from the beta decay
of 241Pu presents an additional radiation risk.
Another biologically relevant radionuclide that has been released into the environment is the
fission product 90Sr (half-life: 28.79 years; Cumulative Thermal Fission Yield: 5.73 ± 0.13).3 Sr-90 is a major
concern for internal radiation exposure since strontium is chemically similar to calcium and has a relatively
long biological half-life (~50 years); therefore, when 90Sr is ingested from contaminated agricultural crops
or food sources, the strontium is incorporated in the human body, mainly in bone, instead of calcium. This
can result in a significant internal dose to the bone marrow. Additionally, 90Sr beta decays to 90Y (half-life:
64 hours), which is also a pure beta emitter, resulting in another source of internal radiation exposure.
Cesium is another biologically relevant fission product that has been released into the
environment. 137Cs, with a relatively long half-life (half-life: 30.08 years), a cumulative thermal fission yield
of 6.221 ± 0.069, and high mobility within the environment, was one of the major fission products that
was discharged into the environment from nuclear reactor accidents.3 137Cs only has a biological half-life
of ~0.2 years; however, the high release levels and the high mobility within the environment results in the
potential for highly contaminated agricultural crops and food sources, resulting in an elevated radiation
risk. Cesium is chemically similar to potassium; therefore, when radiocesium is ingested, the human body
incorporates the cesium as if it were potassium. It is therefore typically deposited in muscle tissue.
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In the aftermath of the reactor accident in Fukushima, it has become obvious that there is a severe
lack in methods that would allow for the rapid determination of biologically relevant radionuclides in
ocean water. A variety of radioanalytical techniques are commonly employed for the determination of
radionuclides in natural waters, specifically ocean water. These techniques range from measuring gross
alpha activity in ocean water to separating individual actinide elements, strontium, and cesium from
ocean water. However, these methods suffer from a number of disadvantages including that the
techniques are time consuming, generate a substantial amount of waste, and are multi-step processes.

1.2

Project Goals
The work in this dissertation focuses on investigating novel techniques that couple extraction

chromatography with radiation detection for the separation and purification of biologically relevant
radionuclides from ocean water samples.
After a radiological release, methods that have high chemical yields and a short analysis time
(hour timetable) are needed in order to assess environmental contamination. The goal of the research is
to reduce the time, the waste generated, and the number of steps required to determine radionuclides in
ocean water. The research examines the effect of matrix constituents found within ocean water on the
retention capabilities of different extraction chromatography resins for the radioisotopes of interest. The
results from these interference studies provides a foundation that can be used to develop a new proposed
method/technique for the rapid determination of radionuclides in ocean water. Additionally, the research
also focuses on comparing standard procedures for radiocesium detection in ocean water to proposed
procedures using two different Cesium Resins (AMP-PAN and KNiFC-PAN) developed by Triskem
International.
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1.3

Dissertation Overview
Chapter 2 provides background on the anthropogenic radionuclide release into the environment,

specifically natural waters, and the current standard methods for the determination of radionuclides in
ocean water. This chapter also provides an introduction into extraction chromatography and the resins
used within this work. Chapter 3 describes the experimental design of the research performed in this
dissertation; including materials, batch study methods, and instrumentation. Chapters 4 and 5 present
data on the effect of sodium and calcium on americium and plutonium adsorption on the resins used
within this work. Chapter 7 present data on the calcium interference on strontium adsorption on two of
the resins used within this work. Chapters 6 (Am and Pu) and 8 (Sr) present data on the effect of an ocean
water matrix on radioisotope adsorption on the resins used. The work described in Chapter 9 shifts the
focus to research performed at the Institute for Environmental Radioactivity (IER) at Fukushima
University. In this chapter, analytical procedures for the measurement of

137

Cs in ocean water are

compared. The research chapters in this dissertation then conclude with Chapter 10, in which a developed
method for the measurement of radionuclides in ocean water is compared against a published Eichrom
analytical procedure. Conclusions and future implications/work are described in Chapter 11.
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CHAPTER 2: BACKGROUND
2.1

Anthropogenic Radionuclides in the Environment
Anthropogenic radionuclides have entered into the environment through the numerous nuclear

operations conducted over the past seventy years. These nuclear operations include testing/detonation
of nuclear weapons, nuclear accidents, and nuclear production/operation/reprocessing activities. A list of
the major nuclear activities that have led to a significant anthropogenic radionuclide release into the
environment can be found in Table 1.4-7 The atmospheric testing of nuclear weapons and the nuclear
accidents that occurred in Chernobyl and Fukushima account for the majority of the radioactivity released
into the environment and are the three nuclear operations that are described in more detail in the
following sections. A comparison of the radionuclides that were released into the environment from these
three nuclear operations is found in Table 2.4, 7 The table includes the fission products and the fuel
components that have implications within this work.

Table 1: List of Major Nuclear Operations that have Released Anthropogenic Radionuclides 4-7

Nuclear Operation

Country

Hiroshima and Nagasaki
Testing of Nuclear Weapons
Windscale Accident
Kyshtym Disaster
Three Mile Island Accident
Chernobyl Accident
Fukushima Disaster

Japan
Global
UK
Russia
USA
Ukraine
Japan

Time
Period
1945
1945-63
1957
1957
1979
1986
2011

Approx.Activity
Released (Bq)
4 ˣ 1016
2 ˣ 1020
1 ˣ 1015
8 ˣ 1016
1 ˣ 1012
2 ˣ 1018
1 ˣ 1019

5

Important Anthropogenic
Radionuclides
Fission Products, Actinides
Fission Products, Actinides
131 137
I, Cs
Fission Products, 90Sr, 137Cs
85
Kr, 131I
137
Cs, Actinides
Fission Products,137Cs, Actinides

Table 2: Comparison of Released Anthropogenic Radionuclides from Atmospheric Testing and Nuclear Accidents 4, 7

Radionuclide
134

Cs
Cs
90
Sr
238
Pu
239
Pu
240
Pu
241
Pu
241
Am
137

Half-life
2.0 years
30.04 years
28.74 years
87.74 years
24,100 years
6570 years
13.2 years
433 years

Total Chernobyl
Release (PBq)
54
85
8
0.033
0.0334
0.053
6.3
0.03

Total Fukushima
Release (PBq)
165
158.9
8.492
0.00001911
0.000003144
0.00000327
-----

Total Atmospheric Testing
Release (PBq)
--948
622
--6.52
4.35
142
---

2.1.1 Atmospheric Testing of Nuclear Weapons
Atmospheric testing of nuclear weapons began July 16, 1945 in New Mexico with the detonation
of the 21 kt Trinity tower test. Intense testing of nuclear devices in the atmosphere continued globally
until 1963 when the United States of America, the Union of Soviet Socialist Republics, and the United
Kingdom signed the Limited Test Ban Treaty; which banned atmospheric, outer space, and under water
testing of nuclear weapons. Both France and China continued atmospheric testing until 1976 and 1980,
respectively. A list of atmospheric nuclear tests carried out by each country is found in Table 3. 4, 8

Table 3: List of Atmospheric Nuclear Tests by Country 4, 8

Country
China
France
UK
United States
USSR

# of Tests
22
45
21
197
219

Total Yield (Mt)
20.72
10.20
8.05
153.8
247.3

6

Partitioned Fission Yield (Mt)
Troposphere
Stratosphere
0.66
11.40
0.57
5.37
1.76
2.39
8.27
44.9
4.28
80.8

Atmospheric testing of nuclear weapons results in the radioactive material being atomized and
ionized, eventually forming aerosols that can be transported around the Earth. When nuclear detonations
occur at low altitudes with low yield, the radioactive material remains within the troposphere (the lower
portion of Earth’s atmosphere) and can be transported long distances around the same latitude by the
air. When nuclear detonations occur in the stratosphere (the higher portion of Earth’s atmosphere) or
when the radioactive cloud from a detonation breaks into the stratosphere, the radioactive material can
be transported around the Earth producing global fallout.4 A list of the main anthropogenic radionuclides
released into the environment from atmospheric testing of nuclear weapons is found in Table 4.4, 6 The
table includes the fission products (Sr, Cs) and the fuel components (Pu) that have implications within this
work.

Table 4: Anthropogenic Radionuclides from Atmospheric Testing of Nuclear Weapons 4, 6

Radionuclide
3
H
14
C
54
Mn
55
Fe
89
Sr
90
Sr
91
Y
95
Zr
103
Ru
106
Ru
125
Sb
131
I
137
Cs
140
Ba
141
Ce
144
Ce
239
Pu
240
Pu
241
Pu

Half-life
12.33 years
5730 years
312.3 days
2.73 years
50.5 days
28.63 years
58.51 days
64 days
39.26 days
373.6 days
2.76 years
8.02 days
30.07 years
12.75 days
32.5 days
284.9 days
24 110 years
6563 years
14.35 years

Origin
Activation
Activation
Activation
Activation
Fission
Fission
Fission
Fission
Fission
Fission
Activation
Fission
Fission
Fission
Fission
Fission
Construction
Activation
Activation
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Total Activity (PBq)
186 000
213
3980
1530
117 000
622
120 000
148 000
247 000
12 200
741
675 000
948
759 000
263 000
30 700
6.52
4.35
142

2.1.2 Chernobyl Accident 1986
The Chernobyl accident occurred April 26th, 1986 at the Chernobyl nuclear power plant in Ukraine. At
the time of the accident, the power plant had four RBMK nuclear reactor units. The RBMK, Reakto Bolshoy
Moshchnosti Kanalnyy or high output multichannel type reactor, is a pressurized water reactor that is light
water cooled and graphite moderated. The night before the accident, operators conducted a safety test
on the electric control system of reactor unit 4, which ultimately resulted in the emergency safety systems
of the reactor being switched off and significant variations occurring in the temperature/flow rate of the
incoming cooling water. The unstable state of reactor unit 4 was the result of the design flaws of the
reactor in combination with several operator errors during the safety test. Ultimately, the pressurized
cooling water flashed into steam causing an initial steam explosion that removed all of the cooling water
remaining in the reactor core. As a result, a second explosion occurred that was caused by the rapid
expansion of the fuel vapor in the reactor core. These explosions resulted in large amounts of material
being ejected from the reactor core with fission products and transuranic waste products being released
into the surrounding environment. The graphite moderators in the exposed reactor core then reacted
with the air/steam, which ultimately resulted in the graphite catching fire. The open-air graphite fire
lasted for 9 additional days and released large amounts of radioactive particles in the form of a smoke
plume that the atmospheric wind carried over parts of Europe as well as Eastern North America.9 A list of
the main anthropogenic radionuclides released into the environment from the Chernobyl Accident is
found in Table 5.4, 7 The table includes the fission products (Sr, Cs) and the fuel components (Pu) that have
implications within this work.
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Table 5: Anthropogenic Radionuclides Released from Chernobyl Accident in 1986 4, 7

Radionuclide
85
Kr
133
Xe
131
I
134
Cs
137
Cs
132
Te
89
Sr
90
Sr
140
Ba
95
Zr
99
Mo
103
Ru
106
Ru
141
Ce
144
Ce
239
Np
238
Pu
239
Pu
240
Pu
241
Pu
242
Cm

Half-life
10.76 years
5.3 days
8.02 days
2.0 years
30.07 years
78.0 hours
50.5 days
28.63 years
12.8 days
64 days
67.0 hours
39.26 days
373.6 days
32.5 days
284.9 days
2.4 days
86.0 years
24 110 years
6563 years
14.35 years
163.0 days

Core Inventory 1986
Activity (PBq)
33
6500
3200
180
280
2700
2300
200
4800
5600
4800
4800
2100
5600
3300
27 000
1
0.85
1.2
170
26

Total Released During Accident
Activity (PBq)
33
6500
~ 1760
~ 54
~ 85
~ 1150
~ 115
~ 10
~ 240
196
> 168
> 168
> 73
196
~ 116
~ 95
0.035
0.03
0.042
~6
~0.9

2.1.3 Fukushima Daiichi Nuclear Power Plant (FDNPP) Disaster 2011
The Fukushima Daiichi Nuclear Power Plant (FDNPP) disaster occurred March 11th, 2011. The
FDNPP consisted of six boiling water reactor units (Units 1-6). The reactors for Units 1, 2, and 6 were
supplied by General Electric, the reactors for Units 3 and 5 were supplied by Toshiba, and the reactor for
Unit 4 was supplied by Hitachi. On March 11th, a 9.0 (Mw) magnitude earthquake occurred in the North
Pacific about 180 km from the FDNPP. Only three of the reactors (Units 1-3) were operational at the time.
Unit 4 had been shut down since November 2010 and the fuel had been removed and placed inside the
spent fuel pool. The subsequent tsunami damaged the electrical systems of the FDNPP, including the
backup diesel generators for the reactor cooling systems. Ultimately, the cooling systems of the nuclear
reactors (Units 1-3) failed, which resulted in pressure buildups of over 8 atmospheres. The pressure
9

buildup was relieved by venting the containment areas, which resulted in the release of short-lived
isotopes into the atmosphere along with explosions that occurred when the released hydrogen ignited.
In Unit 4, the storage pool was damaged and the spent fuel rod assemblies were completely exposed to
the atmosphere resulting in volatile fission products being released into the atmosphere. The FDNPP
accident introduced anthropogenic radionuclides into the marine and surrounding environment through
the deposition of the radionuclides released into the atmosphere as well as through the direct discharge
of radioactive liquid into the Pacific Ocean.10-11 A list of the main anthropogenic radionuclides released
into the environment from the FDNPP disaster is found in Table 6.7 The table includes the fission products
(Sr, Cs) and the fuel components (Pu) that have implications within this work.

Table 6: Anthropogenic Radionuclides Released from FDNPP Disaster in 2011 7

Radionuclide
85
Kr
133
Xe
133
I
131
I
134
Cs
137
Cs
129m
Te
132
Te
89
Sr
90
Sr
144
Ce
238
Pu
239
Pu
240
Pu
242
Cm
99m
Tc
125
Sb
136
Cs
54
Mn
60
Co

Half-life
10.76 years
5.3 days
20.8 days
8.02 days
2.0 years
30.07 years
33.6 days
3.2 days
50.5 days
28.63 years
284.9 days
86.0 years
24 110 years
6563 years
163.0 days
6.01 hours
2.758 years
13.16 days
312.12 days
5.271 years

Core Inventory of All Cores 2011
Activity (PBq)
83.7
12 000
527
6010
719
700
189
8690
5930
522
5920
14.7
2.62
3.27
283
9980
43.1
218
0.283
0.00942
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Total Released During Accident
Activity (PBq)
83.7
12 000
42.16
2079.46
164.58
158.9
3.402
86.9
73.12
8.493
0.01302
0.00001911
0.000003144
0.00000327
0.0001132
57.884
0.00659
37.06
0.00004528
0.000010362

2.2

Radionuclides in Natural Waters
Natural waters are the largest recipient of environmental contamination by anthropogenic

radionuclides through either atmospheric or aquatic pathways. These waters cover about 71 % of the
Earth’s surface and have a total volume of about 1,386 million km3.12 The type of natural waters (oceans,
ground water, lakes, rivers, etc.) are categorized by their location, salinity, chemical composition, etc. A
list of the types of natural waters and their contribution to the global reserve is found in Table 7.12 The
salinity of the water is often used to classify the different types of natural water. Salinity is the amount of
dissolved salt content in a body of water and is commonly expressed as “parts per thousand” (ppt or ‰).
Natural waters are classified into fresh water (<0.5 ‰: ponds, lakes, rivers, aquifers/ground water),
brackish water (0.5-30 ‰: estuaries, swamps, brackish seas and lakes), saline water (30-50 ‰: ocean
water, salt lakes), and briny water (>50 ‰: brine pools).

Table 7: Types of Natural Water and Their Respective Contribution to the Global Water Reserve 12

Type of Natural Water
Ocean
Ground Water
Glaciers & Snow Cover
Ground Ice/Permafrost
Lakes
Swamp Water
Rivers

Volume (103 km3)
1 338 000
23 400
24 064
300
176.4
11.47
2.12

% of Total Global Water Reserve
96.5
1.7
1.74
0.022
0.013
0.0008
0.0002

Ocean water comprises 96.5 % of the total global reserve of water and covers over 361 million km 2,
which is over 70 % of the Earth’s surface. Therefore, as the major/largest category of natural waters, the
ocean is a main recipient of environmental contamination through either atmospheric or aquatic
pathways, especially the Pacific Ocean due to the largeness of the body of water and due to the localized
releases into the ocean.13 Ocean water also has an average salinity of 35 ‰ (35 g dissolved solids per 1000
11

g water). The elevated salinity of the ocean water compared to other natural waters imparts a complex
matrix that could affect the isolation, characterization, and determination of anthropogenic radionuclides.
In addition, some of the radioactive species that are associated with nuclear operations, as listed in
Chapter 2.1, possess long half-lives and will potentially stay within the marine environment for an
extended period of time posing a radiation risk for the marine ecosystem. Due to the size, complex oceanic
matrix, and the oceanic residence time of the radionuclides it is especially critical to this work to research
the isolation and rapid determination of anthropogenic radionuclides from an ocean water matrix.

2.2.1 Ocean Water Composition
Ocean water, as mentioned in Chapter 2.2, has an average salinity of 35 ‰ (35 g dissolved solids
per 1000 g water), which corresponds to a specific gravity of around 1.025 at 20˚C. Ocean water contains
more dissolved ions than most other types of natural waters, with chloride and sodium ions comprising
85 % of the total salinity The major constituents of average ocean water are listed in Table 8.14 As
mentioned previously, the elevated amount of dissolved ions in ocean water imparts a complex matrix
that could interfere with the rapid separation and determination of anthropogenic radionuclides.
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Table 8: Major Constituents of Average Ocean Water 14

Chemical Ion Contributing
to Ocean Water Salinity
Chloride
Sodium
Sulfate
Magnesium
Calcium
Potassium
Bicarbonate
Bromide
Borate
Strontium
Fluoride
Other

‰

Proportion of Total Salinity (%)

19.345
10.752
2.701
1.295
0.416
0.390
0.145
0.066
0.027
0.013
0.001
< 0.001

55.03
30.59
7.68
3.68
1.18
1.11
0.41
0.19
0.08
0.04
0.003
< 0.001

The concentrations and inventories of anthropogenic radionuclides that have been released into
the ocean are mainly determined by the source of the contamination, oceanic processes, and the
chemistry of the radionuclide themselves. Anthropogenic radionuclides are typically classified as
conservative or non-conservative (particle-reactive) radionuclides and many of these radionuclides can
act as oceanic tracers to monitor oceanic processes. In addition, the isotopic ratios of these radionuclides
can be used to identify anthropogenic radionuclide sources (ex:

134

Cs/137Cs,

240

Pu/239Pu,

137

Cs/90Sr).

Conservative anthropogenic radionuclides are highly soluble in ocean water and typically have one
favorable oxidation state. These radionuclides include

137

Cs and 90Sr. Non-conservative anthropogenic

radionuclides have an affinity for the particulate matter that is found within the ocean and tend to settle
in the sediment of the oceanic floor. These radionuclides include 239,240Pu.13 Plutonium in ocean water is
typically found in the (IV) and (V) oxidation state as Pu(OH)4 (aq) and PuO2+ respectively, with reduced Pu
complexes being more likely to be found in particulate matter.15

13

2.2.2 Anthropogenic Radionuclide Levels of Oceanic Surface Water
The International Atomic Energy Agency (IAEA) has conducted a coordinated research project
called “Worldwide Marine Radioactivity Studies (WOMARS)” in order to understand the open ocean
distribution of radionuclides in the oceanic water column and sediment. This project has detailed the input
pathways for anthropogenic radionuclides, the oceanic processes that affect the inventories of
radionuclides, and the current distribution of anthropogenic radionuclides in the oceanic column. As part
of this project, the IAEA has compiled the average activity concentrations of 239,240Pu, 90Sr, and 137Cs in the
surface water of all the oceans, as of January 1st, 2000. These values are listed in Table 9.13 The
radionuclide levels, especially that of 137Cs, is currently higher than reported in the Pacific Ocean due to
the release from the FDNPP Disaster. The current amount of

137

Cs in the surface water near the Japan

Coast is in more detail in Chapter 9.

Table 9: Radionuclide Levels in Oceanic Surface Water 13

Ocean
N. Pacific
Equatorial Pacific
S. Pacific
Indian
Southern
Artic
N. Atlantic
Central Atlantic
S. Atlantic

Average Activity Level on 01.01.2000 (Bq/m3)
239,240
90
137
Pu
Sr
Cs
0.0033 ± 0.0028
1.4 ± 0.2
2.4 ± 0.3
0.0031 ± 0.0007
1.3 ± 0.3
2.1 ± 0.3
0.0028 ± 0.0021
0.8 ± 0.3
1.3 ± 0.5
0.0030 ± 0.0015
1.1 ± 0.2
2.1 ± 0.3
0.0010 ± 0.0005
0.7 ± 0.4
1.0 ± 0.6
0.0064 ± 0.0015
2.3
14
0.0050 ± 0.0030
1.2 ± 0.6
1.7 ± 0.8
0.0028 ± 0.0013
0.8 ± 01
1.4 ± 0.2
0.0018 ± 0.0006
0.4 ± 0.2
0.6 ± 0.1
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2.2.3 Current Standard Methods for Determination of Radionuclides in Natural Waters
A variety of radioanalytical techniques are commonly employed for the determination of
radionuclides in natural waters, specifically ocean water. These methods range from measuring gross
alpha activity in ocean water to separating individual actinide elements, strontium, and cesium from
ocean water.
One of the most routine techniques for the determination of the gross activity of alpha-emitting
radionuclides in natural water samples requires evaporating 100-1000 mL samples on a planchet followed
by subsequent counting by a gas proportional counter. The usefulness of this method, is however limited
by the time required to evaporate the water samples, the amount of solid dissolved in the samples, as
well as the decline in efficiency due to the solids remaining on the planchet.16
Other radioanalytical techniques utilize extraction chromatography (Chapter 2.3), which is a
technique that uses resins that are comprised of an extractant system on an inert support that
extracts/separates radionuclides from aqueous sample matrices. Actinide resin (Chapter 2.3.6), which has
a strong affinity for actinides with tri-, tetra-, and hexavalent oxidation states, has been used for the
measurement of gross alpha activity in natural waters. In this technique, water samples are acidified to
pH 2 and a known quantity of Actinide resin is directly added to the aqueous sample. The suspension of
Actinide resin in the solution is stirred for a minimum of four hours and then filtered/transferred into
liquid scintillation cocktail for gross alpha analysis by liquid scintillation counting (Chapter 3.3.1).16-17 This
method is also limited due to the time required for mixing the Actinide resin into the water sample as well
as any interferences that could hinder the adsorption of alpha emitting radionuclides on the resin.
Another issue is that techniques that measure the gross alpha activity of an aqueous sample cannot
differentiate between or identify the individual radioisotopes that contribute to the total activity.
More specialized radioanalytical techniques focus on separating individual actinide elements as
well as strontium, and cesium for the isolation and determination of these radioisotopes from natural
15

waters. Some of the most common current methods for the separation/determination of either actinide
elements, strontium, and/or cesium in ocean water are detailed in the following sections. However, it is
worth mentioning that these techniques are commonly used in combination with each other and some
methods described in the following sections are a continuation of methods. For example, a common
radioanalytical procedure for the separation of radioisotopes from ocean water consists of three
preconcentration steps for the separation of transuranic elements, cesium, and finally strontium from
ocean water. The flow chart for this technique is shown in Figure 1. The procedure uses a manganese
dioxide precipitation to remove plutonium and americium from acidified ocean water, followed by an
ammonium molybdophosphate (AMP) precipitation to remove cesium from the aqueous solution, and
then finally followed by an oxalate precipitation to remove strontium from the aqueous solution.18 The
different individual precipitation techniques are detailed in the following sections.

Figure 1: Three-step precipitation technique for separation of transuranic elements, cesium, and strontium. 18
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2.2.3.1 Actinide Determination
The current standard methods for the determination of actinide elements in ocean water follow
the same general scheme, shown in Figure 2.

Figure 2: General radioanalytical procedure for the determination of actinide elements in ocean water

Actinide metals, which are found at low concentrations in ocean water, can be brought
down/concentrated selectively by using co-precipitation. This technique carries the actinide elements
with precipitation of an insoluble compound. Co-precipitation steps are commonly used at the beginning
of the method to reduce the amount of matrix constituents and volume within the aqueous sample. There
are several combinations of co-precipitation techniques that are commonly used in current standard
methods. These co-precipitation methods include 1) manganese dioxide precipitation followed by iron(III)
hydroxide precipitation, 2) iron(II) hydroxide precipitation followed by calcium fluoride/lanthanum
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fluoride co-precipitation, 3) calcium phosphate precipitation, 4) etc.19-22 The co-precipitation steps can
take several hours to several days to complete.
The resulting precipitate from the pre-conditioning steps is dissolved to form an aqueous solution.
The solution then needs to be valence adjusted for plutonium. Several reagents are commonly used for
the plutonium valence adjustment. These reagents include 1) sodium nitrite, 2) hydrogen peroxide, 3)
sodium sulfite, 4) potassium metabisulfite, 5) hydroxylamine hydrochloride, and 6) iron(II) sulfamate with
ascorbic acid. Commonly, a combination of these redox reagents are used for the valance adjustment,
such as iron(II) sulfamate with ascorbic acid followed by sodium nitrite.19, 21
The column load solution is then radiochemically separated by either passing through columns of
anion-exchange resin or a combination of columns filled with extraction chromatography resins (Chapter
2.3). Anion exchange columns typically use either AG 1x8, AG MP-1M, or Dowex 1x8 resins. A more
detailed description of the elution behavior of actinide elements from anion exchange columns can be
found within the Handbook for Radioactivity Analysis.18 For the purpose of this work, a closer look at the
radiochemical separations of actinide elements using columns of extraction chromatography resins is
necessary. A variety of methods have used a combination of extraction chromatography columns for the
separation of actinide elements. One method has used tandem TEVA resin and TRU resin cartridges to
determine Pu and Np that was adsorbed on TEVA resin and U that was adsorbed on TRU resin.23 Another
method used tandem TEVA resin and DGA resin cartridges to determine Pu that was adsorbed on TEVA
resin as well as Am and Cm that was adsorbed on DGA resin.23 Another method by Maxwell et al. uses
tandem columns of TEVA resin, TRU resin, and Sr resin to determine Th, Pu, and Np that was adsorbed on
TEVA resin, U and Am that was adsorbed on TRU resin, and Sr that was adsorbed on Sr resin.24 Maxwell
et al. also has a procedure for Pu determination that uses a combination of TEVA resin, UTEVA resin, and
DGA resin cartridges with the Pu ultimately being adsorbed to DGA resin.21 The actinide elements that
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have been separated using extraction chromatography methods are then analyzed typically by either
alpha spectroscopy (Chapter 3.3.4) or ICP-MS (Chapter 3.3.6).
As mentioned previously, the disadvantages of the current standard methods for the
determination of actinide elements in ocean water include that the processes are time consuming
(especially the time it takes to complete the co-precipitation steps), they generate a substantial amount
of waste with the use of many different chemicals, and they are multi-step processes.

2.2.3.2 Strontium Determination
The current standard method for the determination of strontium in ocean water is comprised of
a series of precipitation steps that ultimately results in the co-precipitation of 90Y and subsequent counting
on a gas proportional counter after 90Sr-90Y equilibrium is reached. The first step of the method removes
strontium from the aqueous solution by an oxalate precipitation, as shown previously in Figure 1. The
oxalate is then converted into carbonate by drying/ashing the precipitate. The strontium is purified using
fuming nitric acid to remove the calcium. Radium and barium are removed from the solution by a barium
chromate precipitation. This is followed by the removal of yttrium and bismuth from the solution by an
iron(III) hydroxide precipitation, resulting in a purified Sr fraction for the ingrowth of 90Y to be separated
by an additional iron(III) hydroxide precipitation after equilibrium is reached for gas proportional counting
for the ultimate determination of 90Sr.18, 20
The analysis of strontium in ocean water has also been determined through radiochemical
separations using either ion exchange chromatography or extraction chromatography. Cation exchange
columns that used Dowex 50-X12 resin have been used to separate strontium and barium from ocean
water by eluting these elements with cyclohexan-1,2-dinitrilotetraacetic acid (CyDTA) and
ethylenediaminetetracetic acid (EDTA), respectively, and followed by measurement by flame photometry.

19

Andersen et al. provides a more detailed description of the determination of strontium in ocean water by
this cation exchange method.20, 25 Anion exchange columns that used Amberlite CG-400 resin have also
been used to separate pre-concentrated strontium from ocean water. This method uses a carbonate
precipitation step to pre-concentrate strontium. The precipitate is ultimately dissolved in a solution of
methanol/ethanol and introduced into the anion exchange column. The eluted yttrium is precipitated a
hydroxide, dissolved in nitric acid, and analyzed by liquid scintillation counting. The eluted strontium is
precipitated as a carbonate, dissolved in nitric acid, and analyzed by liquid scintillation counting. Grahek
et al. provides a more detailed description of the determination of strontium in ocean water by this anion
exchange method.26 For the purpose of this work, a closer look at the radiochemical separations of
strontium using columns of extraction chromatography resins is necessary.
Radiochemical separations using crown ethers, such as strontium resin (Chapter 2.3.7), have
recently grown in popularity for the determination of strontium in ocean water due to the affinity of these
resins for strontium. The direct isolation of Sr from ocean water has been examined by passing acidified
ocean water samples through a strontium resin column. However, this direct isolation method for the
determination of strontium only produced ~60 % chemical yield of Sr.26 Maxwell et al. developed a
method for the determination of strontium from ocean water that utilized pre-concentration steps
followed by separation using Sr resin and DGA resin columns. This method begins with strontium/yttrium
co-precipitation with calcium phosphate and iron hydroxide. The precipitate is dissolved in nitric acid and
aluminum nitrate is added to the solution. The solution is evaporated and re-dissolved in 5-6 M nitric acid.
The load solution is then passed through a tandem column of Sr resin and DGA resin. The column is rinsed
with 8 M nitric acid and the resin cartridges are separated. The Sr is ultimately eluted from the Sr resin by
0.05 M nitric acid and the total activity of 89Sr+90Sr is determined by gas proportional counting. The Y is
ultimately eluted from the DGA resin by 0.25 M hydrochloric acid after U, Th, and rare earth metals have
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been removed. The 90Y is then concentrated by a cerium fluoride precipitation to be counted by gas
proportional counting. The ingrowth of 90Y allows for the differentiation between 89Sr and 90Sr activity.24
The disadvantages of most of the current standard methods for the determination of strontium
in ocean water include that the processes are time consuming, especially the time it takes to complete
the pre-concentration steps as well for the time allotted for the ingrowth of 90Y. These methods also
generate a substantial amount of waste with the use of many different chemicals and they are multi-step
processes.

2.2.3.3 Cesium Determination
The current standard method for the determination of cesium in ocean water is through an
ammonium molybdophophate (AMP) precipitation, as shown previously in Figure 1. Aoyama et al.
developed the current/improved AMP procedure and it takes into consideration the pH dependency on
the yield of AMP/Cs compound as well as the break point for AMP. Aoyama et al. have shown that higher
AMP/Cs compound yields are obtained when 20 L ocean water samples are acidified to a pH of 1.6. They
have also found that the break point for 4 g AMP is 0.34 g CsCl, which indicates that a 1:1 stoichiometric
ratio between AMP (M.W. 1930) and CsCl (M.W. 168) exists.27 Therefore, the improved procedure adds
0.26 g of CsCl carrier, which is 75% of the break point for 4 g AMP. The improved AMP procedure had a
high weight yield of AMP/Cs compound at 98%, as well as high radiochemical

137

Cs yields between 96-

100%.27 However, AMP also adsorbs trace amounts of natural potassium from the ocean water during the
improved procedure, which results in an elevation of radiation background during measurement due to
the Compton scattering of 1420 keV γ-rays from 40K (0.0118% nat. abundance). Therefore, Hirose et al.
developed a double treatment procedure to purify 137Cs using hexachloroplatinic acid in addition to the
improved AMP procedure. The optimized double treatment procedure dissolves the AMP/Cs compound
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from the improved AMP procedure and precipitates Cs2Pt(Cl)6, which is then measured at an ultra-low
background underground gamma-spectrometry facility located at Ogoya Underground Laboratory
(OUL).28
AMP has an unfavorable microcrystalline structure that hinders its use in column applications that
are required for in-field treatment and analysis. To address this issue, two commercially available cesium
resins (Chapter 2.3.8) have been developed for the concentration and separation of cesium from a variety
of aqueous samples, including the separation of cesium for in-filed treatment of ocean water. The cesium
resins are based on either AMP or potassium nickel hexacyanoferrate(II) (KNiFC) as active components.
These selective inorganic materials are imbedded into an organic polyacrylnitrile (PAN) matrix in order to
improve the unsuitable granulometric and mechanical properties of the active components in
radioanalytical procedures.29 A variety of methods have been proposed for the use of these resins in-field
for the separation and determination of cesium from ocean water, see Table 10.30-32 The table list methods
for AMP-PAN resin and methods for KNiFC-PAN resin. These methods have varying sample volumes, flow
rates, and absorbent volumes; however, the chemical yield for all methods proposed is >88%.

Table 10: Cesium Resin Methods for Determination of Radiocesium from Ocean Water

Resin

Reference

Matrix

AMP-PAN
AMP-PAN
AMP-PAN
KNiFC-PAN
KNiFC-PAN
KNiFC-PAN

Pike et. al.
Breier et. al.
Kamenik et. al.
Breier et. al.
Kamenik et. al.
Kamenik et. al.

Acidified Seawater
Acidified Seawater
Acidified Seawater
Acidified Seawater
Acidified Seawater
Seawater
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Sample
Volume
(L)
20
20
100
20
100
100

Flow
Rate
(mL/min)
35
40
300
60
300
300

Absorbent
Volume
(mL)
5
5
25
5
25
25

Chemical
Yield (%)
95
93.5
88.1 ± 3.3
95
92.9 ± 1.1
90.2 ± 2.7

The main disadvantage of the current/improved AMP procedure for the determination of cesium
in ocean water is that the process is time consuming, especially the time it takes for the AMP/Cs
compound to settle (days) and the amount of time required for the AMP/Cs compound to dry after
filtration (weeks). The advantages of using the newly developed cesium resins include that the resins can
be used in a column formation for in-field use. The only time constraints for these methods are the time
required for the ocean water to be pumped through the column (dependent on the flow rate) and the
amount of time required to dry the resin for measurement by gamma spectroscopy. In addition, an
advantage of using KNiFC-PAN resin in-field is that the ocean water does not have to be acidified for the
cesium to adsorb to the resin.

2.3

Extraction Chromatography
Extraction chromatography is one of the main radioanalytical separation techniques that is

currently used to separate radionuclides from a wide variety of sample matrices. This technique
incorporates the favorable selectivity associated with the organic compounds used in solvent extraction
with the multistage character and ease of operation of a chromatographic process.33-34
Extraction chromatographic resins are comprised of beads with two main components: an inert
support and a stationary phase (Figure 3). The inert support is typically porous silica or an organic polymer
that ranges in diameter from 50 to 150 µm. The resin is then prepared by adhering the liquid extractants
(stationary phase) to the surface of the inert support.34 The extraction of analytes occurs when the resin
beads are introduced to an immiscible mobile phase that is comprised of the analytes of interest in an
acidic aqueous solution. Additives such as complexants or redox reagents may be added to the mobile
phase to enhance the selectivity or facilitate the stripping of strongly retained metal ions on the column.35
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Figure 3: Surface diagram of extraction chromatographic resin bead

Solvent extraction uses the distribution ratio, D, to measure how well extracted a species is
between the organic and the aqueous phase 36:
D=

[Solute]Org
[Solute]aq

(1)

The distribution ratio of the solvent extraction system is related to the retention factor (the number of
free column volumes to peak maximum), k’, for the corresponding extraction chromatography system:
k'= D

Vs
Vm

(2)

where Vs is the stationary phase volume and Vm is the mobile phase volume. A free column volume (FCV)
represents the interstitial space or void volume in a chromatographic column and it is used as a measure
of the amount of mobile phase that is passed through the chromatographic column relative to the size of
the column.37
Extraction chromatography systems typically use a higher concentration of extractant compared
to conventional solvent extraction systems. Therefore, the distribution ratio and the retention factor are
usually not measured directly for extraction chromatography systems. Instead, the two terms are
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measured indirectly by calculating the weight distribution ratio, DW , which is the metal ion concentration
per gram of resin from a given volume of aqueous solution:
DW =

Ao -As mL
∙ g
As

(3)

where Ao is the initial activity of the aqueous solution, Ao -As is the activity that was sorbed onto a known
weight of resin (g), and As is the activity of the aqueous solution in a known volume (mL). The distribution
ratio is then calculated from the volume of the stationary phase, Vs , per gram of resin, mr, divided into
the weight distribution ratio, DW :
DW
V
= ms
D
r

(4)

The volume of the stationary phase is determined from the weight percent of the extractant adsorbed
onto the surface of the inert support and the density of the stationary phase. The retention factor, k’, is
then calculated using equation (2). The retention factor can be directly related to the weight distribution
ratio if the free column volume is determined for the specific resin using equation (5), where C is a
constant.38 Table 11 provides the constant values required to convert from the distribution ratio, DW , to
the retention factor, k’, for six resins manufactured by Eichrom Technologies, LLC.
FCV

k' = DW /( m ) = DW C

(5)

r

Table 11: Conversion Factors to Calculate Chromatographic Retention Factor

Resin
DGA
UTEVA®
TEVA®
TRU
Diphonix®
Actinide
Strontium

Extractant System
N, N, N’, N’ tetraoctyldiglycolamide
(TODGA)
diamyl amylphophonate
(DAAP)
Aliquat® 336
octylphenyl-N-N-di-isobutyl carbamoylphoshine oxide
(CMPO)
polystyrene/divinylbenzene polymeric support
functionalized with diphosphonic and sulphonic acid groups
DIPEX®: bis(2-ethylhexyl) methanediphosphonic acid
(H2DEH[MDP])
4,4’(5’)-di-t-butylcychlohexano 18-crown-6
(DtBuCH18C6)
25

Convert DW to k’ Divide by:
1.75
1.67
1.90
1.80
2.00
1.90
2.00

Extraction chromatographic resins are evaluated in terms of their selectivity, retention, capacity,
efficiency, stability, ease of regeneration, and reproducibility. The selectivity and retention of the resin
for metal ions are determined by the extractant system and the composition of the immiscible mobile
phase, while the capacity of the resin is determined by the amount of extractant that is adsorbed onto
the surface of the inert support.34 The efficiency of an extraction chromatographic column is expressed
by the height equivalent to one theoretical plate (HETP), which is calculated by dividing the height of the
column by the number of theoretical plates. A theoretical plate is a hypothetical zone within the column
where equilibrium is established between the mobile and stationary phase. The number of theoretical
plates, N, is determined by:

V

N = 8( wR )

2

(6)

where VR is the elution volume and w is the band width.33 The efficiency of a chromatographic column as
indicated by the HETP is determined by three main factors: flow phenomena, diffusion in the stationary
phase, and extraction kinetics. The flow phenomena refers to the band broadening that is a result of atoms
of the same element moving through different paths within the column. Band broadening within the
column must be sufficiently small in order to achieve an efficient separation. The band broadening is kept
to a minimum to avoid premature breakthrough as well as to avoid cross-contamination of the eluents.
Excessive band broadening is an indication of poor column efficiency and can result in essentially no
practical separation, even if the extractants of the stationary phase has a high selectivity for one of the
radionuclides.39 Diffusion in the stationary phase refers to the ability of the solute to diffuse into the
stationary phase. Extraction kinetics refers to the dependence on the rate constant for extraction
occurring at the stationary/ mobile interface. The relative importance of the three factors to the efficiency
of a column is dependent upon the exxtractant system, the mobile phase velocity, the particle size of the
inert support, the porosity of the inert support, and the operating temperature.40
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Extraction chromatography separates radionuclide complexes based on their polar/ non-polar
character. Eichrom Technologies manufactures a variety of extraction chromatographic resins with
selective extractant systems. Eichrom Technologies also manufactures a variety of ion exchange resins
that separates radionuclides from sample matrices based on the electrostatic interactions between the
analyte and the charged extractant groups of the stationary phase. The following resins that were used in
this work are commercially available from Eichrom Technology (Lisle, IL) and Triskem International (Bruz,
France).

2.3.1 DGA Resin
The extractant system of DGA normal resin is N, N, N’, N’ tetraoctyldiglycolamide (TODGA), shown
in Figure 4. The extractant system was adhered onto the surface of 50-100 µm Amberchrom®-CG71 by
evaporating the extractant in methanol onto the inert support resulting in a 40% (w/w) loading. The resin
has a density of 1.13 g/mL with a bed density of 0.38 g/mL. The DGA extractant group complexes trivalent
metal ions via two carbonyl oxygen donors and an ether oxygen donor (tridentate in configuration),
forming two stable-five membered chelate rings. The DGA normal resin has been characterized in nitric
acid and hydrochloric acid systems for the adsorption of different actinide elements, shown in Figure 5.41

Figure 4: Extractant system of DGA Resin: N,N,N’N’ tetraoctyldiglycolamide (TODGA). The R groups are straight C8 chains.
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Figure 5: Actinide adsorption on DGA Resin in nitric and hydrochloric acid systems, 1 h equilibration time, 22˚C. 41

One of the main advantages of DGA normal resin is the high selectivity and retention of the resin
for Am(III) with the mechanism:
𝑀3+ + 3𝑋 − + 3𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅
𝑀𝐸3 ∙ 𝑋3
The resin has a strong affinity for Am(III) above 0.1 M HNO3 with k’ values as high as > 104 at 5 M HNO3.
Am(III) is also strongly adsorped on the resin above 1 M HCl with k’ values as high as > 10 3 at 5 M HCl.
Even though DGA normal resin has a strong affinity for Am(III), the actinide can be eluted off using 0.01
M HNO3 or 0.5 M HCl for instance.
DGA normal resin also showed strong affinity for tetra-valent metals with the mechanism:
𝑀4+ + 4𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅
𝑀𝐸2 ∙ 𝑋4
The resin has an affinity for Pu(IV) over the entire HNO3 and HCl concentration range studied with k’ values
> 103. However, in general, the adsorption of metal cations by the TODGA extractant is lower in HCl
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systems than compared to the adsorption from HNO3 systems (nitrato complexes are usually more
extractable than chloro complexes).
The DGA normal resin was also characterized for alkaline earth cations in nitric and hydrochloric
acid systems, shown in Figure 6.41

Figure 6: Alkaline earth cation adsorption on DGA Resin in nitric and hydrochloric acid systems, 1 h equilibration time, 22˚C. 41

The resin has an affinity for both Ca(II) and Sr(II) above 0.5 M HNO3 with k’ values for Ca(II)
reaching a max at ~200 at 2 M HNO3 and k’ values for Sr(II) reaching a max at ~50 at 1 M HNO3. The two
metal cations could be eluted off in individual systems using either low (0.1 M) or high (11 M)
concentrations of HNO3. The resin had little affinity for any alkaline earth cations over the entire HCl
concentration range studied with k’ < 10. Due to the affinity of the resin for Ca(II), DGA normal resin has
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been used to determine calcium isotopic compositions in geological materials by loading the sample in
0.5 M - 3 M HNO3 and eluting the calcium off with either deionized water or concentration nitric acid.42-43
DGA resin has also been used to separate 44Sc from 44CaCO3 targets by loading the dissolved irratiated
target in 3 M HCl, in which scandium adhered to the DGA resin while the calcium eluted off. The scandium
was then eluted with 0.1 M HCl.44 The Ca(II) and Sr(II) trends are also important due to Ca(II) and Sr(II)
being major constituents of ocean water that could hinder the separation of actinide metals. In addition,
Sr(II) is an important fission product that has been released into the environment and these trends are
important for Sr(II) separations.
The Ca(II) and Sr(II) trends observed by Horwitz et al. were also seen by Pourmand et al. who
characterized DGA normal resin and determined the distribution coefficient, kd , for nitric and hydrochloric
acid systems for the adsorption of 60 elements.45 An important observation of DGA normal resin based
on the results of Pourmand et al. is that the resin has almost no affinity for the other main constituents
of ocean water in either nitric or hydrochloric acid systems.

2.3.2 UTEVA Resin
The extractant system of UTEVA resin is diamyl amylphophonate (DAAP), shown in Figure 7. The
extractant system was adhered onto the surface of 50-100 µm Amberchrom®-CG71 with undiluted DAAP
resulting in a 40% (w/w) loading. The resin has a density of 1.10 g/mL with a bed density of 0.386 g/mL.
The DAAP extractant forms nitrato complexes with actinide elements and the formation of the complex
is driven by the concentration of nitrate within the immiscible mobile phase. The UTEVA resin has been
characterized in nitric acid and hydrochloric acid systems for the adsorption of different actinide elements,
shown in Figure 8.38
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Figure 7: Extractant system of UTEVA Resin: diamyl amylphophonate (DAAP)

Figure 8: Actinide adsorption on UTEVA Resin in nitric and hydrochloric acid systems, 1 h equilibration time, 22˚C. 38

UTEVA resin was designed for Uranium and Tetra-Valent Actinide extraction. The resin has a
similar affinity for the tetra-valent actinides and uranium (VI) with the following mechanisms:
𝑀4+ + 4𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑋4 ∙ 𝐸2
𝑀𝑂2 2+ + 2𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑂2 𝑋2 ∙ 𝐸2
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In nitric acid systems, the affinity of the resin for these elements increase with increasing nitric acid
concentration with k’ values reaching > 102 for these elements above 5 M HNO3. The resin has a stronger
affinity for Pu(IV) compared to the other elements over the entire nitric acid range studied. The tri-valent
Am(III) is not strongly retained at any nitric acid concentration. In hydrochloric acid systems, the affinity
of the resin for Np(IV), Th(IV), and U(VI) increase with increasing hydrochloric acid concentration, with the
affinity of the resin for U(VI) decreasing above 6 M HCl. The resin has a stronger affinity for U(VI) at 4-6 M
HCl compared to Th(IV), which allows for the selective elution of Th from the resin. Also, U(VI) can be
eluted off UTEVA at dilute HCl concentrations.
The UTEVA resin was also characterized for Sc(III) and Ca(II) in hydrochloric acid systems in order
to separate 44Sc from 44CaCO3 targets, shown in Figure 9.46

Figure 9: Scandium and Calcium adsorption on UTEVA Resin in hydrochloric acid systems, 4 h equilibration time, 22 ˚C. 46

The resin has an affinity for Sc(III) above 8 M HCl with k’ values > 102, while the resin weakly
retained Ca(II) with maximum k’ values of 10 at 8 M HCl. The 44Sc was separated from the 44CaCO3 targets
by loading the dissolved irradiated target in > 9 M HCl, in which scandium adhered to the UTEVA resin
while the calcium eluted off. The scandium was then eluted with deionized water.46
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The elution of a variety of selected elements on UTEVA resin have been studied by Horwitz et al.
and Yokoyama et al.38, 47 Horwitz et al. reported that Na, Mg, K, Ca, and Sr (main constituents in ocean
water) as well as Cs, which is an important fission product that has been released into the environment,
were eluted off UTEVA resin by 2 M HNO3 during the first 3 mL. Yokoyama et al. also reported that Na,
Mg, Ca, Sr, and Cs were eluted off UTEVA resin by 4 M HNO3 during the first 3 mL. These results indicate
that the resin has no affinity for these main constituents of ocean water.
The UTEVA resin was also characterized for a variety of radionuclides in nitric and hydrochloric
acid systems by Marinov et al.48 The results reported that Sr(III) was not strongly retained at any nitric
acid or hydrochloric acid concentration. These results match with Lee et al. who used UTEVA resin to
separate U(VI) and Sr(III) by loading the sample solution in 8 M HNO3 in which U(VI) adhered to the UTEVA
resin while Sr(III) eluted off.49

2.3.3 TEVA Resin
The extractant system of TEVA resin is Aliquat ® 336, an aliphatic quaternary amine, shown in
Figure 10. The extractant system was adhered onto the surface of 50-100 µm Amberchrom®-CG71 with
undiluted Aliquat ® 336 resulting in a 40% (w/w) loading. The resin has a density of 1.09 g/mL with a bed
density of 0.35 g/mL. TEVA resin has properties that are similar to those of strong base anion exchange
resins, except that the functional groups of the Aliquat ® 336 extractant system have a greater flexibility
to coordinate around target ions. The TEVA resin has been characterized in nitric acid and hydrochloric
acid systems for the adsorption of different actinide elements, shown in Figure 11.50
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Figure 10: Extractant system of TEVA Resin: trialkyl, methylammonium nitrate/chloride. The R groups are C8 or C10 chains. 50

Figure 11: Actinide adsorption on TEVA Resin in nitric and hydrochloric acid system, 1 h equilibration time, 22˚C. 50

TEVA resin was designed for Tetra-Valent Actinide extraction with the following mechanism:
̅̅̅̅̅̅
𝑀4+ + 4𝑋 − + 2𝐸
∙ 𝑋 ↔ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐸2+ ∙ 𝑀𝑋6−2
The resin has a strong affinity for Pu(IV), Np(IV), and Th(IV) with maximum k’ values at 2-4 M HNO3. The
tri-valent Am(III) is not strongly retained at any nitric acid concentration. The hexa-valent U(VI) is also not
34

strongly retained; therefore, tetra-valent species can be separation from Am(III) and U(VI) between 2-4
M HNO3. In nitric acid systems, the affinity of the resin for actinide metals decrease at higher nitric acid
concentrations due to the completion of nitrate anions for the complexation sites on the TEVA resin. In
hydrochloric acid systems, the affinity of the resin for actinide metals increases with increasing acid
concentration with the exception of Th(IV) which is not retained at any hydrochloric acid concentration.
The elution of a variety of selected elements on TEVA resin have been studied by Horwitz et al.50
Horwitz et al. reported that Na, Mg, K, Ca, and Sr (main constituents in ocean water) as well as Cs, which
is an important fission product that has been released into the environment, were eluted off TEVA resin
by 2 M HNO3 during the first 6.6 mL. These results indicate that the resin has no affinity for these main
constituents of ocean water. These trends were also observed by Chen et al. who separated Tc from
cement comprised of Na, Al, Si, Fe, K, Ca.51 The Tc adhered to the TEVA resin while the other elements
eluted off the column. Harrison et al. also utilized a TEVA resin separation scheme, in which Th and Pu
adhered to the TEVA resin while Am, U, and Sr eluted off the column.52 However, Moir et al. reported that
they had to remove 137Cs and 90Sr before running a leachate sample through a TEVA resin column due to
Cs and Sr interfering with liquid scintillation counting analysis when 99Tc was eluted from the resin.53

2.3.4 TRU Resin
The extractant system of TRU resin is 0.75 M octylphenyl-N-N-di-isobutyl carbamoylphosphine
oxide (CMPO) dissolved in tri-n-butyl phosphate (TBP) shown in Figure 12. The extractant system was
adhered onto the surface of 50-100 µm Amberchrom®-CG71 by evaporating the extractant in methanol
onto the inert support resulting in a 40% (w/w) loading.54 The resin has a density of 1.12 g/mL with a bed
density of 0.370 g/mL. The TRU resin has been characterized in nitric acid and hydrochloric acid systems
for the adsorption of different actinide elements, shown in Figure 13.55
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Figure 12: Extractant system of TRU Resin: octylphenyl-N-N-di-isobutyl carbamoylphosphine oxide (CMPO).

Figure 13: Actinide adsorption on TRU Resin in nitric and hydrochloric acid systems, 1 h equilibration time, 22˚C. 55

TRU resin was designed for Trans Uranium element extraction. The resin has a similar trend in
affinity for the tetra-valent actinides and uranium (VI) with the following mechanisms:
𝑀3+ + 3𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑋3 ∙ 𝐸2
𝑀4+ + 4𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑋4 ∙ 𝐸2
𝑀𝑂2 2+ + 2𝑋 − + 2𝐸̅ ↔ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑀𝑂2 𝑋2 ∙ 𝐸2
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In nitric acid systems, the affinity of the resin for these elements increase with increasing nitric acid
concentration with k’ values >102 above 0.1 M HNO3 for all these elements. The resin has a strong affinity
for tetra-valent actinide metals with maximum k’ values of 104-106 in > 2 M HNO3. The hexa-valent U(VI)
is approximately one order of magnitude lower than the k’ values of the tetra-valent actinide elements.
The tri-valent Am(III) is comparatively weakly retained by TRU resin with maximum k’ values of 102 around
1-3 M HNO3. Am(III) is weakly retained at any hydrochloric acid concentration studied. In hydrochloric
acid systems, the affinity of the resin for Pu(IV), Np(IV), Th(IV), and U(VI) increase with increasing
hydrochloric acid concentration, with the affinity of the resin for these elements decreasing above 4 M
HCl.
The TRU resin has also been characterized in nitric acid systems for the adsorption of different
non-actinide ions, shown in Figure 14.55

Figure 14: Non-actinide adsorption on TRU Resin in nitric acid systems, 1 h equilibration time, 22˚C. 55
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The resin has strong affinity for Bi(III) with k’ values > 102 between 0.2-2 M HNO3. All of the other
metal elements studied, especially calcium, which is a major constituent in ocean water, is weakly retained
on the resin. Calcium also showed no interference with the uptake of Am(III) in 2 M HNO3 over a range of
salt concentration.55
The elution of a variety of selected elements on TRU resin have been studied by Horwitz et al. and
Huff et al.55-56 Horwitz et al. reported that Na, Mg, K, Ca, and Sr (main constituents in ocean water) were
eluted off TRU resin by 2 M HNO3 during the first 6 mL. These results indicate that the resin has no affinity
for these main constituents of ocean water. These trends were also observed by Huff et al. who
determined the distribution coefficient, kd , for nitric and hydrochloric acid systems for 25 elements.56 The
kd values for Ca, K, Mg, Na, and Sr were < 5 for the entire range of nitric acid concentrations studied. The
kd values for Ca, K, Mg, Na, and Sr were < 10 for the entire range of hydrochloric acid concentrations
studied.

2.3.5 Diphonix Resin
The extractant system of Diphonix resin is comprised of a polystyrene/divinylbenzene support
that has been functionalized with diphosphonic and suphonic acid groups, shown in Figure 15. Diphonix
resin is an ion-exchange resin in which the hydrophilic sulfonic acid groups of the system allow quick metal
ion access to the selective diphonsphonic acid groups.57 The resin has a density of 1.16 g/mL with a bed
density of 0.3 g/mL.58 The Diphonix resin has been characterized in nitric acid, shown in Figure 16, and
hydrochloric acid systems for the adsorption of different actinide elements.57
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Figure 15: Extractant system of Diphonix Resin: polystyrene/divinylbenzene polymeric support functionalized with diphosphonic
and sulphonic acid groups.

Figure 16: Actinide adsorption on Diphonix Resin in nitric acid system, 2 h equilibration time, 22˚C. 57

The resin has a strong affinity for tetra-valent and hexa-valent actinide metals with weight
distribution ratios, D, >104 over the entire nitric acid range studied. There is a positive acid dependence
between 0.1 – 1 M HNO3 for Pu(IV) and Np(IV) most likely due to these cations undergoing hydrolysis. The
resin also has an affinity for tri-valent Am(III) with D values > 102 over the entire nitric acid range studied;
however, the affinity of the resin for Am(III) decreases with increasing acid concentration which is

39

expected for cation-exchange reactions. Similar trends and D values were found in hydrochloric acid
systems with the exception of U(VI) which had rapidly declining D values as the acid concentration
increased.
The Diphonix resin was also characterized for alkaline earth cations in nitric acid systems, shown
in Figure 17.59-60

Figure 17: Alkaline earth cation adsorption on Diphonix Resin in nitric acid system, 1 h equilibration time, 22˚C. 59

The resin has a strong affinity for alkaline earth metals at low nitric acid concentrations with the
affinity of the resin for these elements decreasing with increasing acid concentration. Also, the resin
shows little selectivity between any of the alkaline earth metals. These trends are important due to Ca
and Sr being main constituents in ocean water as well as Sr being an important fission product released
into the environment. These elements could inhibit separations carried out at lower acid concentrations.
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The Diphonix resin was also studied for sodium and calcium interference with the uptake of Th(IV),
U(VI), and Am(III).57, 61 The results, which are not shown, reported that affinity of the resin for Th(IV), U(VI),
and Am(III) in either 0.01, 0.1. or 1 M HNO3 (Na interference)/ 0.4, 1, or 5 M HCl (Ca interference) did not
significantly change with an increasing concentration of either Na(I) or Ca(II). However, even though there
was no significant change, the results show that the D values decreased with an increase in salt
concentration.
One disadvantage of the Diphonix resin is the high retention of the actinide metals over the range
of acid concentration, since the metals cannot be eluted off the resin by changing the concentration of
the aqueous solution. Instead, stripping agents that are complexing molecules that compete for the
diphosphonic acid groups must be used.57

2.3.6 Actinide Resin
The extractant system of Actinide resin is bis(2-ethylhexyl)methanediphosphinic acid
(H2DEH[MDP] or "DIPEX®"), shown in Figure 18. The extractant system was adhered onto the surface of
100-150 µm Amberchrom®-CG71 by evaporating the extractant in isopropanol onto the inert support
resulting in a 40% (w/w) loading.62 The DIPEX® extractant group has four different coordination sites for
binding to a metal: two neutral phosphoryl ligand sites and two hydroxyl sites that require deprotonation
prior to binding to a metal. The coordination mode of the ligand center to group 2 metals from solutions
of σ-xylene occurs through the phosphoryl groups as well as through deprotonation and binding of the
two of the hydroxyl groups.63 Iron(III) as well as the actinides Am(III), U(VI), and Th(IV) were found to
extract with no displacement of the hydrogen atoms; for this reason, these elements were thought to
coordinate through only the phosphoryl groups of the ligand.64 The Actinide resin has been characterized
in hydrochloric acid systems for the adsorption of different actinide elements, shown in Figure 19.62
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Figure 18: Extractant system of Actinide Resin: bis(2-ethylhexyl) methandiphosphonic acid (DIPEX).

Figure 19: Actinide adsorption on Actinide Resin in hydrochloric acid system, 1 h equilibration time, 22˚C. 62

The resin has a strong affinity for metals that are tri-valent, tetra-valent, and hexa-valent. The
affinity of the resin for actinide metals is very strong up to 1 M HCl, after which the retention of the
elements diminishes with increasing acid concentration. The resin also has a strong affinity for Am(III)
below 1 M HCl; however, the k’ values of the metal ion at its lowest is still near 10 3 even though the
capacity declines rapidly.
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The Actinide resin was also characterized for alkaline earth metals in nitric acid systems, shown
in Figure 20.65-66

Figure 20: Alkaline earth metal adsorption on Actinide Resin in hydrochloric acid system, 1 h equilibration time, 22˚C. 65

In nitric acid systems, the affinity of the resin for alkaline earth elements decreased with
increasing nitric acid concentration. The resin has a strong affinity for Be(II) compared to the other alkaline
earth metals. Both Ca(II) and Sr(II), both main constituents in ocean water as well as Sr being an important
fission product released into the environment, were weakly retained on the resin above 0.1 M HNO3.
These elements could inhibit separations carried out at lower acid concentrations.
The Actinide resin was also studied for calcium interference with the uptake Am(III).62 The results,
which are not shown, reported that affinity of the resin for Am(III) in either 1, 2. or 4 M HCl did not
significantly change with an increasing concentration of Ca(II). However, even though there was no
significant change, the results show that the k’ values decreased with an increase in salt concentration.
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One disadvantage of the Actinide resin is the high retention of the actinide metals over the range
of acid concentration, since the metals cannot be eluted off the resin by changing the concentration of
the aqueous solution. Instead, the entire stationary phase is typically removed from the inert support with
isopropyl alcohol.62, 67-69

2.3.7 Sr Resin
The extractant system of Sr resin is 1 M 4,4'(5')-di-t-butylcyclohexano 18-crown-6 (DtBuCH18C6)
dissolved in 1-octanol, shown in Figure 21. The extractant system was adhered onto the surface of 50-100
µm Amberchrom®-CG71 by evaporating the extractant in methanol onto the inert support resulting in a
40% (w/w) loading.70 The resin has a density of 1.12 g/mL with a bed density of 0.33 g/mL.71 The
DtBuCH18C6 crown ether complexes Sr(II) by enveloping the metal, which is coordinated to two nitrate
anions, within the crown ether ring.72 The Sr resin has been characterized in nitric acid systems for the
adsorption of Sr(II) as well as different actinide elements, shown in Figure 22.71

Figure 21: Extractant system of Sr Resin: 4,4’(5’)-di-t-butylcyclohexano 18-crown-6 (DtBuCH18C6).
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Figure 22: Strontium and actinide adsorption on Sr Resin in nitric acid system, 2 h equilibration time, 22˚C. 71

In nitric acid systems, the affinity of the resin for Sr(II) increases with increasing nitric acid
concentration with the following mechanism 72:
𝑆𝑟 2+ + 2𝑁𝑂3 − + ̅̅̅̅̅̅̅̅̅
𝐶𝑟𝑜𝑤𝑛 ↔ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑆𝑟(𝑁𝑂3 )2 ∙ 𝐶𝑟𝑜𝑤𝑛
The resin has a strong affinity for strontium with k’ values >50 above 3 M HNO3 and reaching k’ values
near 100 at higher acid concentrations. The resin also has the advantage of having low affinity for Sr(II) at
lower acid concentrations (< 0.5 M HNO3), which allows for the elution of Sr(II) from the resin. However,
actinide metals, mainly tetra-valent actinides, are also strongly retained on Sr resin at higher acid
concentrations, which could inhibit the extraction of strontium.
The Sr resin was also characterized for alkali and alkaline earth cations in nitric acid systems,
shown in Figure 23.71
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Figure 23: Strontium, alkali metal, and alkaline earth metal adsorption on Sr Resin in nitric acid system, 2 h equilibration time,
22˚C. 71

The resin has a lower affinity for alkali and alkaline earth metals compared to strontium. These
trends indicate that strontium could be extracted from the main constituents found within ocean water
as well as Cs, which is an important fission product that has been released into the environment. Calcium,
a main constituent in ocean water, had the lowest retention out of the alkaline earth metals on Sr resin
allowing for an effective separation of strontium and calcium. However, there is some concern with
potassium uptake on the resin and reducing the retention of strontium.
The Sr resin was studied for calcium, sodium, and potassium interference with the uptake of
Sr(II).71 The results, which are not shown, reported that the affinity of the resin for Sr(II) in 3 M HNO3
decreased at salt concentrations above 0.01 M, with potassium reducing k’ values by an order of
magnitude at higher salt concentrations. These results are concerning when developing a separation
scheme for extracting strontium from high saline matrices.
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The elution of a variety of selected elements on Sr resin have been studied by Horwitz et al.71
Horwitz et al. reported that Na, Mg, K, Ca, and Sr (main constituents in ocean water) as well as Cs, which
is an important fission product that has been released into the environment, were eluted off Sr resin by 3
M HNO3- 0.01 M oxalic acid during the first 6 mL. These results indicate that the resin has no affinity for
these main constituents of ocean water. These trends were also observed by Andrews et al. who
separated barium and radium from calcium.73 The barium and radium adhered to the Sr resin while
calcium eluted off within the first 0.3 mL of the 1.1 M HNO3 elution solution. Pin et al. also had success in
eluting magnesium, calcium, sodium, and potassium off Sr resin within the first 6 mL of the 3 M HNO 3
loading and rinse solution.74

2.3.8 Cs Resins
Triskem International (Bruz, France) and Eichrom Technologies (Lisle, IL) have recently introduced
two ion-exchange cesium resins, AMP-PAN and KNiFC-PAN, for the concentration and separation of
cesium from a variety of aqueous solutions. Dr. Sebesta at the Czech Technical University in Prague
developed the resins, which embedded selective inorganic materials into an organic polyacrylnitrile (PAN)
matrix. The cesium resins are based on either ammonium molybdophosphate (AMP) or potassium nickel
hexacyanoferrate(II) (KNiFC) as active components. These selective inorganic materials are embedded
into a PAN matrix in order to improve the unsuitable granulometric and mechanical properties of the
active components in radioanalytical procedures.29, 75
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2.3.8.1 AMP-PAN Resin
The active component of AMP-PAN resin is ammonium molybdophosphate, (NH4)3P(Mo3O10)4,
shown in Figure 24.75 The active component exchanges cesium ions for the ammonium ions within the
crystal lattice structure of AMP. The molybdophosphate complex ion, P(Mo12O40)-3, forms a hollow sphere
from 12 MoO6 groups with the PO4 group in the center of the crystal structure The ammonium ions are
found within the sphere of negative ions.76-78 The ion exchange between alkali metal ions and the
ammonium ions follow the mechanism, where R is the anionic molybdophophate framework 79:
(NH4 ) ∙ 𝑅 ↔ 𝑁𝐻4 + + ̅̅̅̅̅̅̅
𝑀+ + ̅̅̅̅̅̅̅̅̅̅̅̅
M ∙R

Figure 24: Active Component of AMP-PAN Resin: ammonium molybdophosphate.

The disadvantage of AMP-PAN resin compared to AMP powder is the kinetics of cesium uptake
on AMP-PAN resin are slower compared to powdered AMP; however, Sebesta et al. have shown that the
kinetic differences are not significant enough to affect the use of AMP-PAN resin as a practical resin for
the concentration and separation of cesium.29 The AMP-PAN resin has a strong affinity for cesium
compared to the other alkali metals with selectivity in the order of: Cs+ > Rb+ > K+ > Na+ > Li+.78 These trends
indicate that the resin would be more selective for cesium, an important fission product that has been
released into the environment, over some of the main constituents of ocean water.
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The AMP-PAN resin has been characterized in nitric acid systems for the adsorption of Cs(I) by
Wilding et al. The results showed no significant change in distribution coefficient, kd , values below 1 M
HNO3 with kd values around 104. The affinity of the resin for cesium decreases with increasing acid
concentration with the kd values decreasing by two orders of magnitude at > 7.5 M HNO3.80
The AMP-PAN resin was also studied for sodium and potassium interference with the uptake of
cesium.80 The results reported that affinity of the resin for Cs(I) in 1 M HNO3 did not significantly change
with an increasing concentration of Na(I) or K(I). However, even though there was no significant change,
the results show that the kd values decreased with an increase in salt concentration with potassium
causing more of an interference compared to sodium as indicated by the lower kd values.
The AMP-PAN resin is stored swollen in nitric acid with a density of 0.27 g dry matter/ mL of
original resin bed and is comprised of around 80 % AMP active component per g of dry resin.32 The capacity
of AMP-PAN has reported to be 64 mg Cs/g dry resin by Herbst et al and 30 mg Cs/g dry resin by Pike et
al.30, 81

2.3.8.2 KNiFC-PAN Resin
The active component of KNiFC-PAN resin is potassium nickel hexacyanoferrate(II),
K1.6Ni1.37[Fe(CN)6], shown in Figure 25.75, 82 X-Ray powder diffraction has indicated that the structure of
KNiFC is a face-centered cubic lattice with C-N groups found along lines connecting Ni2+ to Fe2+ neighbors.
The active component exchanges cesium ions for the potassium ions within the lattice structure of
KNiFC.83
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Figure 25: Active Component of KNiFC-PAN Resin: potassium nickel hexacyanoferrate(II).

The KNiFC-PAN resin was studied for metal interferences with the uptake of cesium, shown in
Figure 26.82 The results reported that affinity of the resin for Cs(I) did not significantly change with an
increasing concentration of sodium or alkali earth metals. However, the retention of cesium by KNiFCPAN decreased with an increase of both potassium and ammonium ions. These trends indicate that the
resin would be more selective for cesium, an important fission product that has been released into the
environment, over some of the main constituents of ocean water; however, there is some concern with
potassium uptake on the resin and reducing the retention of cesium.

Figure 26: Cesium metal adsorption in the presence of different metal interferences on KNiFC-PAN Resin, pH 6.32, 4 h
equilibration time, 30˚C. 82
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The KNiFC-PAN resin is stored swollen in deionized water with a density of 0.20 g dry matter/ mL
of original resin bed and is comprised of around 80 % KNiFC active component per g of dry resin.84 The
capacity of AMP-PAN has reported to be 256 mg Cs/g dry resin by Kamenik et al and around 120-140 mg
Cs/g dry resin by Du et al.82, 84
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CHAPTER 3: EXPERIMENTAL DESIGN
3.1

Materials

3.1.1 Reagents
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. A more
detailed description of the reagents used for each experiment can be found within their individual
chapters. All acid solutions in Chapter 4 and Chapter 6 were prepared using ACS reagent grade nitric and
hydrochloric acid (Sigma-Aldrich, St. Louis, MO). All acid solutions in Chapter 5, Chapter 7, Chapter 8, and
Chapter 10 were prepared using BDH ARISTAR Plus grade nitric and hydrochloric acid (VWR International,
Denver, CO). All resins described in Chapter 2.3 were used as received without further purification from
Eichrom Technologies Inc. (Lisle, IL) or Triskem International (Cesium Resins) (Bruz, France).

3.1.2 Radionuclide Standards and Tracers
Standard solutions of plutonium-239 and americium-241 were obtained from Eckert & Ziegler
Isotope Products Inc. (Valencia, CA). The plutonium-239 arrived in the form of plutonium nitrate in 4 M
HNO3 (3.7 MBq/ 5 mL). The americium-241 arrived in the form of americium chloride in 1 M HCl (3.7
MBq/5 mL). Standard solutions of strontium-85 were obtained from Perkin Elmer (Boston, MA) in the
form of strontium chloride in 0.5 M HCl (18.5 MBq/ 26.7 µL). All standard solutions were transferred into
polypropylene bottles and diluted with their respective acid solution up to 250 mL.
Working solutions for experiments were prepared from the diluted standard solutions. An aliquot
of the standard solution was transferred into a 20 mL glass scintillation vial, evaporated to dryness,
reconstituted three times in concentrated acid (only if acid matrix needed to be converted), and then
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placed in the desired acid concentration for the experiment. The prepared working solutions are described
in more detail within the individual chapters.
Tracer solutions of plutonium-242 and americium-243 were obtained from NIST. Several tracer
solutions for each individual isotope were combined and diluted with 2 M HCl to an appropriate volume.
Weights were measured between each solution addition. The final activities of the tracer solutions were
determined by counting an aliquot on a liquid scintillation counter. Table 12 provides the tracer
information and activities.

Table 12: Tracer Solution Information and Activity

Tracer
242

Pu

243

Am

NIST SRM

Date

4334D
4334E
4332C
4332C
4332C
4332C
4332C

17-May-93
31-Aug-94
24-Sep-91
24-Sep-82
7-Jul-93
7-Jul-93
24-Sep-91

Original Activity
(dpm/g)
1534.8
1582.2
174.8
18.95
68.12
7372.2
7372.2

Total Activity of All Tracer Solutions
(Bq/mL)
7.6 ± 0.2
13.6 ± 0.2

3.1.3 ASTM D 1141-98: Standard Practice for the Preparation of Substitute Ocean Water
The artificial ocean water that was used in Chapter 6 and Chapter 8 was prepared using the
American Society for Testing and Materials (ASTM) procedure ASTM D1141-98.85 Table 13 provides the
chemical composition of the artificial ocean water.
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Table 13: Chemical Composition of Artificial Ocean Water Prepared using ASTM Procedure: ASTM D1141-98 85

Concentration (g L-1)
24.53
5.20
4.09
1.16
0.695
0.201
0.101
0.027
0.025
0.003
0.0000994
0.0000340
0.0000308
0.0000096
0.0000066
0.00000049

Compound
NaCl
MgCl2
Na2SO4
CaCl2
KCl
NaHCO3
KBr
H3BO3
SrCl2
NaF
Ba(NO3)2
Mn(NO3)2
Cu(NO3)2
Zn(NO3)2
Pb(NO3)2
AgNO3

The ASTM method initially results in three stock solutions that are concentrated and stable in
storage. Artificial ocean water is then prepared by adding aliquots of the three stock solutions with the
addition of more salts into a larger volume. In this work, the ASTM method was scaled down to produce
1 L of artificial ocean water at a time. Also, magnesium chloride was not included in the preparation of
stock solution #1 but instead was introduced into the larger volume in order to reduce the consumption
of this salt. The composition of the three stock solutions used within this work are detailed in Tables 1416.

Table 14: Stock Solution #1 (100 mL): ASTM D1141-98

Salt
CaCl2
SrCl2 6H2O

Molecular Weight (g/mol)
110.98
266.62

Composition (g/L)
57.9
2.1
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Amount in Solution (g)
5.790
0.210

Table 15: Stock Solution #2 (250 mL): ASTM D1141-98

Salt
KCl
NaHCO3
KBr
H3BO3
NaF

Molecular Weight (g/mol)
74.55
84.01
119.00
61.83
41.99

Composition (g/L)
69.5
20.1
10.0
2.7
0.3

Amount in Solution (g)
17.375
5.025
2.500
0.675
0.075

Table 16: Stock Solution #3 (5 L): ASTM D1141-98

Salt
Ba(NO3)2
Mn(NO3)2 4H2O
Cu(NO3)2 3H2O
Zn(NO3)2 6H2O
Pb(NO3)2

Molecular Weight (g/mol)
261.37
251.01
241.60
297.49
331.2

Composition (g/L)
0.09940
0.05345
0.03960
0.01510
0.00660

Amount in Solution (g)
0.49700
0.26725
0.19800
0.07550
0.03300

AgNO3

169.87

0.00049

0.00245

1 L of artificial ocean water (36.434 g/L total salinity) was prepared by dissolving 5.2038 g of
magnesium chloride, 24.5340 g of sodium chloride, and 4.0940 g of sodium sulfate in 500 mL of ultrapure
deionized water. A 20 mL aliquot of stock solution #1, a 10 mL aliquot of stock solution #2, and a 1 mL
aliquot of stock solution #3 was then added to the artificial ocean water solution. The solution was then
acidified using concentrated nitric or hydrochloric acid (if desired). The solution was subsequently diluted
up to 1 L with ultrapure deionized water. Reconstituted artificial ocean water was prepared by
evaporating an aliquot (100 mL) of un-acidified artificial ocean water and reconstituting the salts in the
desired acid concentration.

3.1.4 Ocean Water Sampling Locations
Sampled ocean water for experiments in Chapter 6 and Chapter 8 was collected from Torrey Pines
State Beach, California (32.9362˚ N, 117.2614˚ W). The samples were filtered and refrigerated after
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collection. The sampled ocean water was acidified using concentrated nitric or hydrochloric acid (if
desired). Reconstituted sampled ocean water was prepared by evaporating an aliquot (100 mL) of unacidified ocean water and reconstituting the salts in the desired acid concentration.
Sampled ocean water for experiments in Chapter 9 was collected at Tomioka, Fukushima, Japan
(37.335° N, 141.031° E) (Sampled: 2014/06/23; 134Cs: 14.6 ± 1.2 Bq/m3; 137Cs: 45.7 ± 2.4 Bq/m3; Salinity:
30 g/kg) (Sampled: 2017/06/28). The ocean water samples were filtered and acidified to pH=1.6 by adding
concentrated nitric acid (2 mL concentrated acid per 1-L ocean water sample). A portion of the ocean
water samples obtained on 2017/06/28 was not acidified for column experiments.
Sampled ocean water for experiments in Chapter 10 were collected near the Fukushima Daiichi
Nuclear Power Plant, Fukushima, Japan (37.40561° N, 141.03363° E) (Sampled: 2014/03/19). The ocean
water samples were filtered using a 0.45 µm membrane filter.

3.2

Methods
The methods detailed below were developed and performed identically for all experiments that

required these procedures. A more detailed description of how the below methods were applied to each
experiment are found within the individual chapters. Additional methods for experiments performed are
also found within the individual chapters.

3.2.1 Batch Study Experiments
Batch study experiments were performed in order to determine the adsorption of various
elements of interest on the extraction chromatographic resins examined. As detailed in Chapter 2.3, the
retention factor for the extraction chromatographic resins is indirectly calculated by measuring the initial
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activity of the aqueous solution, the activity of the aqueous solution after contact with the resin, the mass
of the resin, and the volume of aqueous solution that was contacted with the resin.
Polypropylene microcentrifuge tubes (VWR, Denver, CO) were filled with 50 ± 0.5 mg of the
chosen extraction chromatographic resin. The resin was preconditioned with 0.5 mL of the desired acid
concentration solution. The microcentrifuge tubes were then agitated for one hour using a Labquake
rotisserie-shaking table. Following preconditioning, a given volume of solution containing a metal salt and
the appropriate amount of acid to give the desired final acid concentration was added to the sample. The
sample solution was then spiked with the suitable activity from the radioisotope working solutions that
were prepared as described in Chapter 3.1.2. The total volume of the aqueous solution was 1.5 mL. The
microcentrifuge tubes were agitated for an additional hour using the rotisserie-shaking table. The solution
was subsequently filtered through a 0.45 µm PTFE syringe filter and an aliquot, usually 0.9 mL, of the
filtered solution was taken for analysis.1 All batch studies were performed in four replicates.

3.2.1.1 Volume Correction
The extraction chromatographic resins that were used in this work can have a specific affinity
toward the mineral acid used. The amount of liquid that was being adsorbed onto the resin can affect the
accuracy of the retention factor vales. Therefore, volume correction factors were determined for each
resin. For this purpose, polypropylene microcentrifuge tubes were filled with 50 ± 0.05 mg of the desired
resin. The resin was preconditioned with 0.5 mL of the desired acid concentration solution. The
microcentrifuge tubes were then agitated for one hour using a Labquake rotisserie-shaking table.
Following preconditioning, 1 mL of the same desired acid concentration solution was added to the sample.
The solution was subsequently filtered through a 0.45 µm PTFE syringe filter into a pre-weighted second
microcentrifuge tube to determine the amount of solution that was not taken up by the resin.
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The volume of solution that was taken up by the resin was determined by the weight of the
filtered eluent and the resulting density of the solution. A 1 mL adjustable Eppendorf pipette was
calibrated to deliver 0.3 mL based on the density of deionized water at room temperature (0.9982 g/mL).
A 0.3 mL aliquot of the eluted acid was titrated with 0.1 N sodium hydroxide using a 25 mL burette and
0.1 % phenolphthalein as the indicator until a pink endpoint was reached. Titrations of the eluted acid
samples were performed in order to determine the change in acid concentration after contact with the
resin. The volume correction factors for each resin reflected the change of volume induced by contact
with the resin.

3.3

Instrumentation

3.3.1 Liquid Scintillation Counting
Liquid scintillation counting was used in this research to quantitatively determine the activity of
two radionuclides, 239Pu and 241Am, both alpha emitters. The liquid scintillation counter (LSC) measures
the intensity of the light pulses that are emitted when charged particles indirectly interact with a
scintillation material. The scintillation material should be able to convert the kinetic energy of the charged
particle into light with high scintillation efficiency and should result in a light yield proportional to the
deposited energy.86
The scintillation material, a fluor molecule, is incorporated into a cocktail that is also comprised
of a solvent, a wave-shifter, and an emulsifier. The sample is dissolved in the scintillation cocktail and the
ionizing radiation excites the solvent molecules, which then transfers the electron excitation energy to
the scintillation molecules. The scintillation molecules are aromatic hydrocarbon compounds that deexcite by releasing a photon of light. The wave-shifter in the scintillation cocktail absorbs the photons
released from the primary scintillator molecules and re-emits the photons at a longer average wavelength
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that is more compatible with the response of the photomultiplier tubes (PMTs) utilized in the LSC. The
emulsifier in the scintillation cocktail is added to ensure formation of a homogenous mixture with a variety
of aqueous or chemically digested samples.86
Alpha particles are typically emitted with kinetic energies between 2-8 MeV (239Pu: 5.156 MeV;
241

Am: 5.486 MeV). However, due to ionization quenching, alpha emitting radionuclides produce an

energy peak that is about one tenth of its particle energy in the range of 200-800 keV, which allows for
detection by LSC. Ionization quenching occurs when the density of excited solvent molecules are high,
which increases the probability for two excited solvent molecules to interact. This results in a solvent
molecule losing the excitation energy and the other solvent molecule becoming superexcited and having
the probability to be ionized. Therefore, the initial excitation energy of both solvent molecules cannot be
transferred to the scintillation molecules, resulting in a nonlinearity between the kinetic energy of the
charged particle and the deposited energy.87-88
The isotropic emission of the photons combined with the 4π geometry of the emulsified sample
results in a large counting efficiency (~100 %). The photons emitted are directed onto the photocathode
of the PMT. The energy of the incident photon is transferred to an electron, which then migrates to the
surface of the photocathode and escapes from the surface. The photoelectrons are focused and
accelerated by a potential difference onto a series of electron multiplier stages called dynodes. The
avalanche of secondary electrons arrives at the anode to produce an electrical pulse that is proportional
to the incident energy deposited in the scintillator material. The pulses that arise from the anode are
directed through a multi-channel analyzer (MCA), which then constructs a spectrum depicting the number
of detected events against the energy of the events.86 LSCs typically operate in a coincidence counting
mode, in which the output of two PMTs are connected in coincidence in order to discriminate between
true radioactive decay events and background events that arise from thermally produced photoelectrons.
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Only events that illuminate both PMTs at essentially the same time, such as a true radioactive decay event,
will be recorded.86
Quenching, either chemical or optical, reduces the light output from the sample and is the main
disadvantage of liquid scintillation counting. Chemical quenching occurs when a chemical competes with
the primary scintillator for the excitation energy deposited in the solvent. Optical quenching occurs when
the coloring in the sample absorbs the light output of the scintillator. Quenching in samples can be
quantified using quench indicating parameters (QIPs), specifically the Spectral Index of the Sample (SIS)
or the transformed Spectral Index of the External Standard (t-SIE).86
The LSCs that were used for this work were a Tri-Carb 2900TR (Perkin Elmer, Boston, MA) and a
Tri-Carb 5110TR (Perkin Elmer, Boston, MA). QuantaSmart software was used for all data acquisition and
analysis. Perkin Elmer provides a more detailed description of the instruments.89-90 During analysis, a 0.9
mL aliquot of the sample was pipetted into 15 ml of Ultima Gold AB cocktail (Perkin Elmer, Waltham, MA)
that was contained in a 20 mL high-density polyethylene (HDPE) vial. Ultima Gold AB cocktail was chosen
due to its durability in varying concentrations of mineral acids.91 However, quenching was still possible;
therefore, blanks and standards were prepared for each experiment. All samples were counted for 60
minutes or until the total number of counts in the region of interest (ROI) reached 40,000 (0.5% error).

Figure 27: Tri-Carb 2900TR Liquid Scintillation Counter
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Figure 28: Tri-Carb 5110TR Liquid Scintillation Counter

3.3.2 Gamma Spectroscopy with NaI(Tl)
Gamma spectroscopy that utilized a sodium iodide detector that was thallium activated ((NaI(Tl))
was used in this research to quantitatively determine the activity of 85Sr, which decays by electron capture
with a gamma emission of 514 keV. The 85Sr isotope was used instead of 90Sr in order to avoid the ingrowth
period required before analysis. Scintillation in inorganic materials, such as NaI(Tl) crystals, are based on
the transitions between the energy states determined by the crystal lattice of the material. Initially all
electrons are bound within the valence band; however, energy absorption results in the transfer of an
electron from the valance band to the conduction band, creating electron-hole pairs. The positive hole
will then drift and ionize an activator site, which have lower energy states than the conduction band. The
electron can then find its way to the activator site and form a neutral atom with the electron in an excited
state. The electron then de-excites into the ground state of the activator through the emission of a photon
that is detectable by a PMT.86 The process of converting photons entering a PMT to a readable signal is
the same as described in Chapter 3.3.1 for Liquid Scintillation Counting.
The gamma-detector that was used for this work was a Wallac 1470 WIZARD automatic gamma
counter (Perkin Elmer, Turku, Finland). RiaCalc WIZ program was used for all data acquisition and analysis.
Perkin Elmer provides a more detailed description of the instrument.92 The instrument was equipped with
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two 2 inch NaI(Tl) crystals (only detector 1 was utilized during measurement) that were encased by 12
mm (vertically), 30 mm (horizontally), and 7 mm (between the detectors) of lead shielding. During
analysis, a 1.0 mL aliquot of the sample was pipetted into a 13 mm diameter culture tube. Blanks and
standards were prepared for each experiment. All samples were counted for 60 minutes and the output
was corrected for background, dead time, and decay correction.

Figure 29: Wallac 1470 WIZARD Automatic Gamma Counter

3.3.3 Gamma Spectroscopy with HPGe
Gamma spectroscopy that utilized a high purity germanium (HPGe) detector was used in this
research to qualitatively and quantitatively determine the activity of

134

Cs,

137

Cs, and 40K in Chapter 9.

HPGe detectors are a type of semiconductor detector that have a larger active volume compared to lowpurity detectors. Semiconductor detectors operate by measuring the electrical signal produced when
electron-hole pairs formed from incident radiation move in an electric field. The electron-hole pair
formation is similar to that discussed in Chapter 3.3.2 with NaI(Tl) detectors; however, unlike scintillation
detectors, semiconductor detectors apply an electric field that will move the electron and the hole in
opposite directions to electrodes that record the pulse/intensity of the incident radiation.86
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The detector assembly of a HPGe detector is comprised of the germanium crystal housed in a
vacuum-tight cryostat that is mounted on a liquid nitrogen dewer. The vacuum-tight cryostat inhibits
thermal conductivity between the detector crystal and the surrounding air, while the liquid nitrogen
dewer cools the detector to reduce thermally-induced leakage current.86
The gamma-detectors that were used for this work were eight standard HPGe coaxial well
detectors: two detectors were located at the Institute for Environmental Radioactivity (IER) (Fukushima,
Japan) (Canberra, Japan) and six detectors were located at the Ogoya Underground Laboratory (OUL)
(Komatsu, Japan) (Detectors D, E, F, H, S, and W) which provided low background measurement for
counting.93-94 During analysis, the samples were dried and transferred into polycarbonate counting vials.
Energy and efficiency calibrations were performed by technicians working for the IER and OUL. A list of
elements and their gamma energies detected are found in Table 17.95

Table 17: List of Elements and Gamma-ray Energies used for HPGe Detector Analysis

Element
134
Cs
134
Cs
137
Cs
40
K

Energy (keV)
604.721
795.864
661.657
1460.822

Intensity (%)
97.62
85.46
85.10
10.66

3.3.4 Alpha Spectroscopy
Alpha spectroscopy that utilized passivated implanted planar silicon (PIPS) detectors was used in
this research to qualitatively and quantitatively determine the activity of isotopes of uranium, plutonium,
and americium in Chapter 10. Silicon detectors are a type of semiconductor detector, and as described in
Chapter 3.3.3 for HPGe detectors, they operate by measuring the electrical signal produced when
electron-hole pairs formed from incident radiation move in an electric field. The silicon detectors are
comprised of a semiconductor (silicon) that is doped with impurity atoms to form a p-n junction. A reverse
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bias voltage is applied to the junction, which functions as a diode, to create a depletion region near the
front of the detector. Election-hole pairs are created when a charged particle passes through the silicon
and enters the depletion region of the detector. The electron-hole pairs are collected and the
pulse/intensity of the incident radiation is recorded. The silicon detector is located within a vacuum
chamber to eliminate attenuation from air.86 Silicon detectors have the advantage of having exceptional
energy resolution, good stability, thin entrance window, and they are relatively inexpensive.
The alpha spectroscopy system that was used for this work was an Alpha Analyst System with four
PIPS detectors with an active volume of 450 mm2 and 18 keV resolution (Canberra, Arvada, CO). Genie
2000 software was used for all data acquisition and analysis. Canberra provides a more detailed
description of the instrument.96 Samples for alpha spectroscopy were prepared by cerium fluoride
microprecipitation (detailed in Chapter 10.2.2). Samples were loaded on stainless steel planchet holders
that were located on shelf level 4 of the Alpha Analyst System chamber. All samples were counted for a
total of 7 days.

3.3.5 Inductively Coupled Plasma – Atomic Emission Spectrometry (ICP-AES)
Inductively coupled plasma-atomic emission spectrometry (ICP-AES), also known as ICP-optical
emission spectroscopy (OES), was used in this research to qualitatively and quantitatively determine the
amount of non-radioactive elements in the eluent of samples in Chapter 5 (calcium). A list of elements
and their detected wavelength can be found in Table 18.97

Table 18: Element and Wavelength List Used for ICP-AES Analysis

Chapter
Chapter 5

Element
Calcium
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Wavelength (nm)
317.933

ICP-AES is an analytical technique that measures the characteristic wavelengths of light emitted
by elements in an aqueous sample that is introduced into an ICP source. The ICP source is an argon plasma,
which is created when ionized argon gas interacts with an intense radio frequency (RF) field. The argon
plasma can reach temperatures of 6,000-10,000 K, which allows for the complete atomization of the
elements in the aqueous sample. The aqueous sample is introduced into the nebulizer via a peristaltic
pump where it is converted into an aerosol. The aerosol sample is then introduced into the argon plasma
producing ionized elements in an excited state. The elements de-excite and emit light at characteristic
wavelengths that correspond to the change in energy states. The emitted light is detected by charge
coupled devices (CCDs) that are semiconductor photodetectors. The intensity of the emitted light at each
characteristic wavelength is then measured and compared against the intensities of calibration standards
of that specific element to determine concentration.98-100
The ICP-AES instruments that were used for this work were a iCAP 7000 Series ICP-OES (Thermo
Scientific, Waltham, MA) and a Optima 8000 Spectrometer (Perkin Elmer, Waltham, MA). Thermo
Scientific Qtegra Intelligent Scientific Data Solution (ISDS) software and Perkin Elmer Syngistix software
were used for all data acquisition and analysis. Thermo Scientific and Perkin Elmer provides a more
detailed description of the instruments.101-102 During analysis, an aliquot was diluted to 10 mL with either
2% or 5% HNO3 in a 15 mL polypropylene centrifuge tube for a final concentration of 1-10 ppm. Calibration
sources were prepared from multi-element calibration standards.

3.3.6 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS)
Inductively coupled plasma-mass spectrometry (ICP-MS) was used in this research to qualitatively
and quantitatively determine the amount of non-radioactive elements in the eluent of samples in Chapter
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9 (133Cs). The determination of 133Cs (132.905 amu) was done through an internal standard method using
115

In (114.904 amu).
ICP-MS is an analytical technique that determines elemental isotopic composition based on the

differences in mass-to-charge (m/z) ratio. The ICP source in MS is similar to that of the source described
in Chapter 3.3.5 for ICP-AES. However, unlike AES, the ICP source in MS introduces the aerosol sample
into the center of the plasma where the temperature of the plasma is lower, producing singly charged
ionized elements. The ions are then directed via two interface cones (sampler and skimmer cones) and
focused by electrostatic lenses into a collimated ion beam, which is directed into the mass spectrometer.
A quadrupole mass filter then separates the ions by their m/z ratio. The quadrupole mass filter is
comprised of four rods in which alternating AC and DC voltages are applied/switched to opposing rods
along with an RF field resulting in ions of a single m/z ratio to pass through the rods at a given time. A
detector then measures the number ions and the intensity of a single m/z ratio is compared against those
of a set of calibration standards. In the case of using an internal standard, the intensity ratio between the
analyte and internal standard is measured and compared to determine final concentration.98, 100
The ICP-MS instrument that was used for this work was an ELAN DRC II (Perkin Elmer, Japan).
ELAN software was used for all data acquisition and analysis. Perkin Elmer provides a more detailed
description of the instrument.103 During analysis, an aliquot was diluted with 5% HNO3 in a 15 mL
polypropylene centrifuge tube for a final concentration of 10 ppt – 20 ppm.
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CHAPTER 4: SODIUM INTERFERENCE ON AMERICIUM AND PLUTONIUM ADSORPTION ON SIX
EXTRACTION CHROMATOGRAPHY RESINS
4.1

Introduction
Ocean water contains more dissolved ions than most other types of natural waters with chloride and

sodium ions comprising 85% of the total salinity, as previously mentioned. The concentration of chloride
and sodium ions in average ocean water is 19.345 ‰ (0.546 M) and 10.752 ‰ (0.468 M), respectively.
Sodium is part of the Group 1 alkali metals with a +1 oxidation state and an ionic radii of 102 pm. The
elevated amount of sodium ions (30.59 % of the total salinity) present relative to the other major
constituents of ocean water could inhibit the uptake of radionuclides on the extraction chromatographic
resins that are used within different radioisotope determination procedures.
The six extraction chromatography resins that were examined within this work (Chapter 2.3.1 to 2.3.6)
are expected to show little affinity for sodium. However, with the exceptions of DGA resin and TRU resin,
there is no published data on the adsorption of sodium metal ions on any of the remaining extraction
chromatography resins.41, 45, 55, 56 The only published data for most of the resins (DGA, UTEVA, TEVA, TRU
resin) indicated that sodium was eluted off within the first few mL of elution volume from an
environmental sample.38, 41, 47, 50, 51, 55, 56 Additionally, with the exception of Diphonix resin, there is no
published data on sodium interference on the uptake of different radionuclides, such as americium or
plutonium.61 The absorption of Am(III) on Diphonix resin, as previously mentioned in Chapter 2.3.5, was
not hindered by an increasing concentration of sodium up to 4 M HNO3. However, even though there was
no significant change, the results showed that the weight distribution, D, values decreased with an
increase in salt concentration. The work described in this chapter examines the effect of sodium
interference on americium and plutonium adsorption on six extraction chromatographic resins from both
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nitric acid and hydrochloric acid. The concentration range of the synthetic sodium salt studied was
centered on the sodium metal ion concentration in average ocean water.

4.2

Experimental Design

4.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. Sodium
salt solutions were made from NaCl (Sigma-Aldrich, ACS, >99%). Salt solutions were diluted to the desired
concentration using 1.45 M HNO3/HCl (DGA resin) or 4.45 M HNO3/HCl (UTEVA, TEVA, TRU, Diphonix,
Actinide resin). Final sodium salt concentrations ranged from 0-50 ‰ NaCl (0-19.669 ‰ Na or 0-0.856 M
Na). Table 19 lists the final sodium salt concentrations and the corresponding initial sodium salt solution
concentrations that were prepared.

Table 19: List of Final and Initial Sodium Salt Solution Concentrations

Initial [Na]
0.513
1.027
1.540
2.053
2.567

Initial Volume (mL)
0.5
0.5
0.5
0.5
0.5

0.171
0.342
0.513
0.684
0.856

Final [Na]
10 ‰
20 ‰
30 ‰
40 ‰
50 ‰

Final Volume (mL)
1.5
1.5
1.5
1.5
1.5

All resins were used as received without further purification from Eichrom Technologies (Lisle, IL). Working
solutions of ~100 Bq/mL 241Am or 239Pu in 0.1 M HNO3/HCl were prepared as described in Chapter 3.1.2.
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4.2.2 Batch Study Procedure and Measurement
Batch study experiments were performed following the procedure outlined in Chapter 3.2.1.
Polypropylene microcentrifuge tubes were filled with 50 ± 0.5 mg of the desired extraction
chromatographic resin. The resin was preconditioned with 0.5 mL of either 1.45 M HNO3/HCl (DGA resin)
or 4.45 M HNO3/HCl (UTEVA, TEVA, TRU, Diphonix, Actinide resin). The final acid concentration of each
resin system was chosen based on previously reported retention factors and an acid concentration that
resulted in a relatively high retention factor, without adding a significant amount of nitrates or chlorides
to the system, was chosen for each resin to ensure that the radioisotope would adsorb onto the resin. A
final acid concentration of 1 M HNO3/HCl was chosen for DGA resin, while a final acid concentration of 3
M HNO3/HCl was chosen for the remaining five extraction chromatographic resins examined.1 The
microcentrifuge tubes were then agitated for one hour using a Labquake rotisserie-shaking table.
Following preconditioning, 0.5 mL of the initial sodium salt solution was added to the sample.
The sample solution was then spiked with 0.5 mL of ~100 Bq/mL

241

Am or

239

Pu in 0.1 M HNO3/HCl,

depending on the acid system. The total volume of the combined aqueous solution was 1.5 mL. The
microcentrifuge tubes were agitated for an additional hour using the rotisserie-shaking table. The solution
was subsequently filtered through a 0.45 µm PTFE syringe filter into a secondary microcentrifuge tube. All
batch studies were performed in four replicates. Error was determined by the standard deviation of the
replicate measurements.
A 0.9 mL aliquot of the filtered solution was dissolved into 15 ml of Ultima Gold AB cocktail that
was contained in a 20 mL HDPE vial for analysis on a Tri-Carb 2900TR as described in Chapter 3.3.1.
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4.3

Results and Discussion

4.3.1 Nitric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a nitric acid system to determine the retention factors of 241Am and
239

Pu in the presence of a sodium salt solution. Sodium metal ion concentrations ranged from 0-19.669 ‰

(0-0.856 M) in order to cover the range of possible concentrations that could be encountered in natural
waters (ocean water: 10.752 ‰ Na (0.468 M Na)).
The retention factors of

241

Am on the six extraction chromatographic resins from nitric acid

determined in the presence of varying amounts of sodium is shown in Figure 30. The black dashed line
represents the detection limit of the Tri-Carb 2900TR instrument. The retention of 241Am on the six resins
was not significantly affected by the sodium matrix constituent at any concentration. A significant change
in retention would have been indicated by retention factors that differed by orders of magnitude. DGA
resin had the greatest affinity for 241Am with k’ values around 104, which was near the detection limit of
the LSC instrument. The high k’ values of 241Am on DGA resin was expected, since the resin is known to
have a high selectivity for Am(III) (Chapter 2.3.1).41 The affinity of the different extraction
chromatographic resins for 241Am followed the trend: DGA > Actinide > TRU > Diphonix > UTEVA = TEVA.
Retention factors that were less than one indicated that the radioisotope was not significantly retained
by the resin. UTEVA and TEVA resin showed little affinity for the tri-valent Am with k’ values around 1,
which was expected due to these resins only having an affinity for metal ions that are tetra-valent (and
hexa-valent for UTEVA).
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Figure 30: Retention factors for the adsorption of americium-241 from nitric acid on six extraction chromatographic resins (in
the presence of varying concentrations of a sodium salt solution).

The retention factors of

239

Pu on the six extraction chromatographic resins from nitric acid

determined in the presence of varying amounts of sodium is shown in Figure 31. The black dashed line
represents the detection limit of the Tri-Carb 2900TR instrument. The retention of 239Pu on four of the six
extraction chromatographic resins was not significantly affected by the sodium matrix constituent at any
concentration. In the case of TRU resin and TEVA resin, there was a slight decrease in the retention of
239

Pu when sodium was introduced into the system. However, after the initial decrease, the retention

factors of

239

Pu on these two resins stayed constant with an increasing amount of sodium metal ion

concentration. In addition, these resins still maintained a strong affinity for 239Pu with k’ values > 2000 for
TRU resin and > 550 for TEVA resin. These trends indicated that these resins had a stronger affinity for the
tetra-valent 239Pu and that sodium was not strongly competing against plutonium for extraction sites on
the resin. All six of the resins had a strong affinity for 239Pu with k’ values > 100 for all resins examined.
Actinide resin had the greatest affinity for 239Pu with k’ values around 104, which was near the detection
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limit of the LSC instrument. The high k’ values of 239Pu was expected, since the resin is known to have a
high selectivity for Pu(IV) (Chapter 2.3.6).62 The affinity of the different extraction chromatographic resins
for 239Pu followed the trend: Actinide > TRU > DGA > TEVA > UTEVA > Diphonix resin.
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Figure 31: Retention factors for the adsorption of plutonium-239 from nitric acid on six extraction chromatographic resins (in
the presence of varying concentrations of a sodium salt solution).

4.3.2 Hydrochloric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a hydrochloric acid system to determine the retention factors of
241

Am and 239Pu in the presence of a sodium salt solution. Sodium metal ion concentrations ranged from

0-19.669 ‰ (0-0.856 M) in order to cover the range of possible concentrations that could be encountered
in natural waters (ocean water: 10.752 ‰ Na (0.468 M Na)).
The retention factors of 241Am on the six extraction chromatographic resins from hydrochloric acid
determined in the presence of varying amounts of sodium is shown in Figure 32. The black dashed line
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represents the detection limit of the Tri-Carb 2900TR instrument. The retention of

241

Am on the six

extraction chromatographic resins was not significantly affected by the sodium matrix constituent at any
concentration. A significant change in retention would have been indicated by retention factors that
differed by orders of magnitude. Actinide resin had the greatest affinity for 241Am with k’ values around
103, which was right below the detection limit of the LSC instrument. The high k’ values of

241

Am on

Actinide resin was expected, since the resin is known to have a high selectivity for Am(III) in hydrochloric
acid (Chapter 2.3.6).62 The affinity of the different extraction chromatographic resins for 241Am followed
the trend: Actinide > Diphonix > DGA > TRU = UTEVA = TEVA resin. Retention factors that were less than
one indicated that the radioisotope was not significantly retained by the resin. TRU, UTEVA, and TEVA
resin showed little affinity for the tri-valent Am with k’ values around 1, which was expected due to these
resins only having an affinity for metal ions that are tetra-valent (and hexa-valent for UTEVA). Any
variances of retention factors less than one were attributed to experimental error.
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Figure 32: Retention factors for the adsorption of americium-241 from hydrochloric acid on six extraction chromatographic
resins (in the presence of varying concentrations of a sodium salt solution).
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The retention factors of 239Pu on the six extraction chromatographic resins from hydrochloric acid
determined in the presence of varying amounts of sodium is shown in Figure 33. The black dashed line
represents the detection limit of the Tri-Carb 2900TR instrument. The retention of 239Pu the six extraction
chromatographic resins was not significantly affected by the sodium matrix constituent at any
concentration. As previously mentioned, a significant change in retention would have been indicated by
retention factors that differed by orders of magnitude. Actinide resin not only had the greatest affinity for
241

Am, but also had the greatest affinity for 239Pu with k’ values around 104, which was near the detection

limit of the LSC instrument. The high k’ values for both 241Am and 239Pu were expected, since the resin is
known to have a high selectivity for tri- and tetra- valent metal ions in hydrochloric acid systems (Chapter
2.3.6).62 The affinity of the different extraction chromatographic resins for

239

Pu followed the trend:

Actinide > Diphonix > DGA = TRU > TEVA > UTEVA resin. Retention factors that were less than one indicated
that the radioisotope was not significantly retained by the resin. TEVA and UTEVA resin showed little
affinity for the tetra-valent Pu with k’ values around 1. Any variances of retention factors less than one
were attributed to experimental error.
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Figure 33: Retention factors for the adsorption of plutonium-239 from hydrochloric acid on six extraction chromatographic
resins (in the presence of varying concentrations of a sodium salt solution).

4.4

Conclusion
The work described in this chapter showed that there was no significant sodium interference on

either americium and plutonium adsorption on the six extraction chromatographic resins from both nitric
acid or hydrochloric acid. The concentration range of the synthetic sodium salt studied was centered on
the sodium metal ion concentration in average ocean water: 10.752 ‰ Na (0.468 M Na). In general, for a
given resin, the retention of 241Am or 239Pu was stronger from nitric acid systems than compared to the
retention from hydrochloric acid. For a given resin, the retention factors for

241

Am or

239

Pu did not

significantly differ with an increase in sodium ions. These results indicated that there is little/no
competition from the mono-valent sodium for the extraction sites on the six extraction chromatographic
resins. The elevated amount of sodium ions (30.59 % of the total salinity) relative to the other major
constituents of ocean water does not inhibit the uptake of
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241

Am or

239

Pu on the extraction

chromatographic resins examined, which is important to note when developing a more direct method for
the measurement of radionuclides in ocean water that eliminates the pre-concentration steps.
Additionally, the lack of sodium interference on either americium or plutonium adsorption on the resins
examined is beneficial when redox reagents that contain sodium are introduced into the system to adjust
the plutonium valence.
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CHAPTER 5: CALCIUM INTERFERENCE ON AMERICIUM AND PLUTONIUM ADSORPTION ON SIX
EXTRACTION CHROMATOGRAPHY RESINS
5.1

Introduction
The work described in Chapter 4 examined the effect of sodium interference on americium and

plutonium adsorption on six extraction chromatographic resins from nitric acid as well as hydrochloric
acid. The results indicated that the elevated amount of sodium ions (30.59 % of the total salinity) relative
to the other major constituents of ocean water did not inhibit the uptake of

241

Am or

239

Pu on the

extraction chromatography resins studied. Therefore, the research focus shifted to investigate the effect
of alkali earth metal interference on americium and plutonium adsorption on the six extraction
chromatographic resins. Three alkali earth metals (magnesium, calcium, and strontium) are found as
major constituents of average ocean water with concentrations of 1.295 ‰ (0.0533 M), 0.416 ‰ (0.0104
M), and 0.013 ‰ (0.000148 M), respectively.
According to the literature, magnesium with a +2 oxidation state and an ionic radii of 72 pm showed
little/ no adsorption on any of the six extraction chromatographic resins examined (Chapters 2.3.1 to
2.3.6). Calcium and strontium, on the other hand, showed retention on DGA, Diphonix, and Actinide Resin.
Both elements have a +2 oxidation state and an ionic radii of 100 pm and 118 pm, respectively. However,
since strontium is found at a lower concentration in ocean water and since it is an important fission
product that has been released into the environment, the separation of strontium is discussed later in
Chapters 7 and 8. Therefore, the focus of this chapter is the possible interference of calcium on americium
and plutonium adsorption on six extraction chromatographic resins.
Three of the six extraction chromatography resins (UTEVA, TEVA, and TRU resin) that were examined
within this work (Chapters 2.3.1 to 2.3.6) are expected to show very little affinity for calcium.38, 47, 50, 51, 5456

The only published data for these three resins indicated that calcium was eluted off within the first few
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mL of elution volume from an environmental sample. The remaining three resins (DGA, Diphonix, and
Actinide resin) were characterized for calcium in nitric acid systems and in hydrochloric acid systems (DGA
resin).41, 59, 62, 66 DGA resin has an affinity for Ca(II) above 0.5 M HNO3 with k’ values reaching a max at ~200
at 2 M HNO3. Calcium could be eluted off using either low (0.1 M) or high (11 M) concentrations of HNO3.
The resin had little affinity for Ca(II) over the entire HCl concentration range studied with k’ < 10. Diphonix
resin has a strong affinity for Ca(II) at low nitric acid concentrations, with the affinity of the resin for
calcium decreasing with increasing acid concentration. Above 1 M HNO3, the weight distribution, Dw,
values were below 10. Other researchers have also examined calcium interference on the uptake of
Am(III) on Diphonix resin. The absorption of Am(III) on Diphonix resin, as previously mentioned in Chapter
2.3.5, was not hindered by an increasing concentration of calcium up to 5 M HCl. However, even though
there was no significant change, the results showed that the weight distribution, Dw, values decreased
with an increase in salt concentration. Actinide resin weakly retained Ca(II) above 0.1 M HNO3, with k’
values < 20. Similarly to Diphonix resin, Actinide resin was also examined for calcium interference on the
uptake of Am(III) and the affinity of the resin for Am(III) did not significantly change with an increasing
concentration of Ca(II) up to 4 M HCl. The work described in this chapter further examines the calcium
interference on americium and plutonium adsorption on six extraction chromatographic resins from both
nitric acid and hydrochloric acid. The concentration range of the synthetic calcium salt studied was
centered on the calcium metal ion concentration in average ocean water.

5.2

Experimental Design

5.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. Calcium
78

salt solutions were prepared from Ca(NO3)2·4H20 (Sigma-Aldrich, ACS, >99%) and Ca(Cl)2·2H2O (Fisher
Chemicals, ACS, >99%). Salt solutions were diluted to the desired concentration using 1 M HNO3/HCl (DGA
resin) or 3 M HNO3/HCl (DGA, UTEVA, TEVA, TRU, Diphonix, Actinide resin). Final calcium salt
concentrations ranged from 0-1M (0-40.078 ‰ Ca). Table 20 lists the final calcium salt concentrations and
the corresponding initial calcium salt solution concentrations that were prepared.

Table 20: List of Final and Initial Calcium Salt Solution Concentrations

Initial [Ca]
0
0.0015
0.0075
0.015
0.075
0.15
0.375
0.75
1.5

Initial Volume (mL)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Final [Ca]
0.000 ‰
0.040 ‰
0.200 ‰
0.401 ‰
2.004 ‰
4.008 ‰
10.020 ‰
20.039 ‰
40.078 ‰

Final Volume (mL)
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

All resins were used as received without further purification from Eichrom Technologies (Lisle, IL).
Working solutions of ~1000 Bq/mL

241

Am or 239Pu in 1M HNO3/HCl (DGA resin) or 3 M HNO3/HCl (DGA,

UTEVA, TEVA, TRU, Diphonix, Actinide resin) were prepared as described in Chapter 3.1.2.

5.2.2 Batch Study Procedure and Measurement
Batch study experiments were performed following the procedure detailed in Chapter 3.2.1.
Polypropylene microcentrifuge tubes were filled with 50 ± 0.5 mg of the desired extraction
chromatographic resin. The resin was preconditioned with 0.45 mL of either 1M HNO3/HCl (DGA resin) or
3 M HNO3/HCl (DGA, UTEVA, TEVA, TRU, Diphonix, Actinide resin). The final acid concentration of each
resin system was chosen based on previously reported retention factors and an acid concentration that
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resulted in a relatively high retention factor, without adding a significant amount of nitrates or chlorides
to the system, was chosen for each resin to ensure that the radioisotope would adsorb onto the resin. A
final acid concentration of 1 M HNO3/HCl was chosen for DGA resin, while a final acid concentration of 3
M HNO3/HCl was chosen for the remaining five extraction chromatographic resins examined.1 The
microcentrifuge tubes were then agitated for one hour using a Labquake rotisserie-shaking table.
Following preconditioning, 1 mL of the initial calcium salt solution was added to the sample. The
sample solution was then spiked with 50 µL of ~1000 Bq/mL

241

Am or

239

Pu in 1 M HNO3/HCl or 3 M

HNO3/HCl, depending on the acid system. The total volume of the combined aqueous solution was 1.5
mL. The microcentrifuge tubes were agitated for an additional hour using the rotisserie-shaking table. The
solution was subsequently filtered through a 0.45 µm PTFE syringe filter into a secondary microcentrifuge
tube. All batch studies were performed in four replicates. Error was determined by the standard deviation
of the replicate measurements.
A 0.9 mL aliquot of the filtered solution was dissolved into 15 ml of Ultima Gold AB cocktail that was
contained in a 20 mL HDPE vial for analysis on a Tri-Carb 5110TR as described in Chapter 3.3.1.

5.2.2.1 Calcium Adsorption Procedure and Measurement
Batch study experiments to investigate calcium uptake on the six resins were performed utilizing
a modification of the procedure outlined in Chapter 3.2.1. Polypropylene microcentrifuge tubes were
filled with 50 ± 0.05 mg of the desired extraction chromatographic resin. The resin was preconditioned
with 0.50 mL of either 1M HNO3/HCl (DGA resin) or 3 M HNO3/HCl (UTEVA, TEVA, TRU, Diphonix, Actinide
resin). The microcentrifuge tubes were then agitated for one hour using a Labquake rotisserie-shaking
table.
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Following preconditioning, 1 mL of the initial calcium salt solution was added to the sample. Only
0.001 M, 0.01 M, and 0.1 M final calcium salt solution concentrations were examined. The total volume
of the combined aqueous solution was 1.5 mL. The microcentrifuge tubes were agitated for an additional
hour using the rotisserie-shaking table. The solution was subsequently filtered through a 0.45 µm PTFE
syringe filter into a secondary microcentrifuge tube. All batch studies were performed in four replicates.
An aliquot of the filtered solution was diluted to 10 mL with 2 % HNO3 in a 15 mL polypropylene
centrifuge tube for a final concentration of 1-10 ppm and then analyzed on the Optima 8000
Spectrometer, as described in Chapter 3.3.5.

5.3

Results and Discussion

5.3.1 Nitric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a nitric acid system to determine the retention factors of 241Am and
239

Pu in the presence of a calcium salt solution. Calcium metal ion concentrations ranged from 0-40.078

‰ (0-1.0 M) in order to cover the range of possible concentrations that could be encountered in natural
waters (ocean water: 0.416 ‰ Ca (0.0104 M Ca)).
The retention factors of 241Am on the six extraction chromatographic resins from nitric acid that
were determined in the presence of varying amounts of calcium are shown in Figure 34. The black dashed
line represents the detection limit of the Tri-Carb 5110TR instrument. The retention of 241Am on five out
of the six extraction chromatographic resins (UTEVA, TEVA, TRU, Diphonix, and Actinide resin) was not
significantly affected by the calcium matrix constituent at any concentration. A significant change in
retention would have been indicated by retention factors that differed by orders of magnitude. However,
even though there was no significant change in retention, the results indicated that the retention factor
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for 241Am on both Diphonix and Actinide resin decreased with an increase in calcium concentration. Out
of these five extraction chromatographic resins, Actinide resin had the greatest affinity for 241Am with k’
values around 103. The affinity of the five different extraction chromatographic resins for 241Am followed
the trend: Actinide > TRU > Diphonix > UTEVA = TEVA. Retention factors that were less than one indicated
that the radioisotope was not significantly retained by the resin. UTEVA and TEVA resin showed little
affinity for the tri-valent Am with k’ values around 1, which was expected due to these resins only having
an affinity for metal ions that are tetra-valent (and hexa-valent for UTEVA).
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Figure 34: Retention factors for the adsorption of americium-241 from nitric acid on six extraction chromatographic resins (in
the presence of varying concentrations of a calcium salt solution).

The retention of

241

Am on DGA resin was however significantly affected by the calcium matrix

introduced into the system, with the resulting k’ values decreasing by three orders of magnitude over the
range of calcium concentrations examined, as shown in Figure 34. The affinity of DGA resin for

241

Am

immediately decreased with the introduction of calcium into the system and followed an exponential
decrease in retention factor value over the concentration range. This trend indicated that there is severe
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competition between the di-valent calcium (ionic radii: 100 pm) and the tri-valent americium (ionic radii:
97.5 pm) for the extraction sites on DGA resin. The batch study to examine the calcium interference on
americium adsorption on DGA resin was repeated, but instead of a 1 M nitric acid system, the
concentration of nitric acid was increased to 3 M to examine if the increase in nitrates would increase the
retention of americium over calcium on the resin. A comparison of the retention factor of 241Am from 1
M and 3 M nitric acid on DGA resin examined in the presence of varying amounts of calcium is shown in
Figure 35. The results indicate that increasing the nitric acid concentration of the system increased the
retention of 241Am(III) over Ca(II). However, the retention of

241

Am on DGA resin in 3 M HNO3 still was

significantly affected by the calcium matrix introduced into the system with k’ values decreasing still by
two orders of magnitude over the calcium concentration examined.
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Figure 35: Retention factors for the adsorption of americium-241 from 1 M and 3 M nitric acid on DGA resin (in the presence of
varying concentrations of a calcium salt solution).
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The retention factors of

239

Pu on the six extraction chromatographic resins from nitric acid

determined in the presence of varying amounts of calcium is shown in Figure 36. The black dashed line
represents the detection limit of the Tri-Carb 5110TR instrument. The retention of

239

Pu on the six

extraction chromatographic resins was not significantly affected by the calcium matrix constituent at any
concentration. However, in the case of DGA and TRU resin, there was a slight increase in the retention of
239

Pu, when calcium was introduced into the system, indicated a synergistic effect due to the calcium

matrix constituent. All six of the resins had a strong affinity for

239

Pu with k’ values > 100 for all resins

examined. These trends indicated that these resins had a stronger affinity for the tetra-valent 239Pu and
that calcium was not strongly competing against plutonium for extraction sites on the resin. Actinide resin
had the greatest affinity for 239Pu with k’ values around 104, which was near the detection limit of the LSC
instrument. The high k’ values of 239Pu was expected, since the resin is known to have a high selectivity
for Pu(IV) (Chapter 2.3.6).62 The affinity of the different extraction chromatographic resins for

239

Pu

followed the trend: Actinide > TRU > Diphonix = DGA > TEVA > UTEVA resin. It is important to note that
the k’ values for

239

Pu on Diphonix resin in nitric acid were ~103. However, the k’ values for

239

Pu on

Diphonix resin in nitric acid during the sodium interference batch study as described in Chapter 4 (Chapter
4.3.1) were ~102. The k’ values for

239

Pu on Diphonix resin should be the same since both experiments

were in the same acid system and since sodium and calcium did not interfere with the uptake of
plutonium. The discrepancy could be attributed to differences between different lots of the resin. A new
bottle of Diphonix resin from Eichrom Technologies Inc. was opened and used for this experiment. Slight
differences in how the resin was manufactured could have changed the retention capabilities of the resin
for 239Pu.

84

DGA

UTEVA

TEVA

TRU

Actinide

Diphonix

Detection Limit

100000
10000
1000
100
k’
10
1
0.1
0.01
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

[Ca]

Figure 36: Retention factors for the adsorption of plutonium-239 from nitric acid on six extraction chromatographic resins (in
the presence of varying concentrations of a calcium salt solution).

5.3.2 Hydrochloric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a hydrochloric acid system to determine the retention factors of
241

Am and 239Pu in the presence of a calcium salt solution. Calcium metal ion concentrations ranged from

0-40.078 ‰ (0-1.0 M) in order to cover the range of possible concentrations that could be encountered
in natural waters (ocean water: 0.416 ‰ Ca (0.0104 M Ca)).
The retention factors of 241Am on the six extraction chromatographic resins from hydrochloric acid
determined in the presence of varying amounts of calcium are shown in Figure 37. The black dashed line
represents the detection limit of the Tri-Carb 5110TR instrument. The retention of

241

Am on the six

extraction chromatographic resins was not significantly affected by the calcium matrix constituent at any
concentration. A significant change in retention would have been indicated by retention factors that
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differed by orders of magnitude. However, even though there was no significant change in retention, the
results indicated that the retention factor for 241Am on either Actinide or Diphonix resin decreased with
an increase in calcium concentration. Actinide resin had the greatest affinity for

241

Am with k’ values

around 103, which was right below the detection limit of the LSC instrument. The high k’ values of 241Am
on Actinide resin was expected since the resin is known to have a high selectivity for Am(III) in hydrochloric
acid (Chapter 2.3.6).62 The affinity of the different extraction chromatographic resins for 241Am followed
the trend: Actinide > Diphonix > DGA = TRU = UTEVA = TEVA resin. Retention factors that were less than
one indicated that the radioisotope was not significantly retained by the resin. Any variances of retention
factors less than one were attributed to experimental error.
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Figure 37: Retention factors for the adsorption of americium-241 from hydrochloric acid on six extraction chromatographic
resins (in the presence of varying concentrations of a calcium salt solution).
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1

The retention factors of 239Pu on the six extraction chromatographic resins from hydrochloric acid
determined in the presence of varying amounts of calcium is shown in Figure 38. The black dashed line
represents the detection limit of the Tri-Carb 5110TR instrument. The retention of

239

Pu on the six

extraction chromatographic resins was not significantly affected by the sodium matrix constituent at any
concentration. As previously mentioned, a significant change in retention would have been indicated by
retention factors that differed by orders of magnitude. Actinide resin not only had the greatest affinity for
241

Am, but also had the greatest affinity for 239Pu with k’ values around 104, which was near the detection

limit of the LSC instrument. The high k’ values for both 241Am and 239Pu were expected since the resin is
known to have a high selectivity for tri- and tetra- valent metal ions in hydrochloric acid systems (Chapter
2.3.6).62 The affinity of the different extraction chromatographic resins for

239

Pu followed the trend:

Actinide > Diphonix > DGA = TRU > UTEVA > TEVA resin. Retention factors that were less than one indicated
that the radioisotope was not significantly retained by the resin. TEVA and UTEVA resin showed little
affinity for the tetra-valent Pu with k’ values around 1. Any variances of retention factors less than one
were attributed to experimental error.
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Figure 38: Retention factors for the adsorption of plutonium-239 from hydrochloric acid on six extraction chromatographic
resins (in the presence of varying concentrations of a calcium salt solution).

5.3.3 Calcium Adsorption
The significant calcium interference on the retention of

241

Am on DGA resin called for an

investigation regarding the capacity of the six extraction chromatographic resins for calcium in both nitric
acid and hydrochloric acid. The capacity of a resin is the amount of metal ion that can be adsorbed onto
an amount of resin. The capacity of the resins for calcium was determined by contacting the resin with a
concentrated calcium solution and measuring the amount of calcium in a volume of solution before and
after contact with the resin as performed in Chapter 5.2.2.1.
The only resin that showed an uptake of calcium was DGA resin from a nitric acid system, which
was not surprising, since this is the same system that caused an interference with americium adsorption.
DGA had a calcium capacity of 4.53 ± 0.08 mg Ca/g DGA resin. The capacity of DGA resin for calcium
indicated that a gram of DGA resin would reach its capacity when ~10 mL of average ocean water was
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passed through a DGA column. This is very troublesome when developing a more direct method for the
measurement of radionuclides in ocean water, since DGA resin has been used in several standard methods
(Chapter 2.2.3.1) due to the resin having a high selectivity/retention for americium. As previously
mentioned in Chapter 2.2.3, a variety of co-precipitation steps with calcium based compounds are utilized
to pre-concentrate actinide elements, including calcium fluoride and calcium phosphate precipitation.
Therefore, methods that utilized these co-precipitation steps would have to remove the calcium matrix
prior to the sample solution being loaded onto a DGA column in nitric acid in order for the calcium not to
interfere with the uptake of radionuclides.

5.4

Conclusion
The research described in this chapter showed that there was no significant calcium interference

on either americium and plutonium adsorption on the majority of the extraction chromatographic resins
studied from either a nitric acid or hydrochloric acid system. The only exception was americium adsorption
on DGA resin from nitric acid. The retention of 241Am decreased by over two orders of magnitude when
calcium was introduced into the system. The concentration range of the synthetic calcium salt studied
was centered on the calcium metal ion concentration in average ocean water: 0.416 ‰ Ca (0.0104 M Ca).
In general, for a given resin, the retention of

241

Am or

239

Pu was stronger from nitric acid than

compared to the retention from hydrochloric acid. For a given resin (except DGA resin), the retention
factors for

241

Am or

239

Pu did not significantly differ with an increase in calcium ions. These results

indicated that there is little/no completion from the di-valent calcium for the extraction sites on the six
extraction chromatographic resins. It is important to note that the k’ values from the calcium interference
studied matched those from the sodium interference study, with the exception of Diphonix resin which
was attributed to different lot of this resin.
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The significant effect of calcium on the retention of 241Am on DGA resin has to be considered when
considering the suitability of this resin for radiochemical separations in the presence of larger amount of
calcium. DGA resin has been used in several standard methods (Chapter 2.2.3.1) due to the resin having
a high selectivity/retention for americium. In addition, a variety of pre-concentration methods utilizing
co-precipitation with calcium based compounds have been reported in the literature. Any developed
method that utilized DGA resin would have to remove the calcium matrix prior to the sample solution
being loaded onto a column in nitric acid.
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CHAPTER 6: EFFECT OF OCEAN WATER MATRIX ON AMERICIUM AND PLUTONIUM ADSORPTION ON SIX
EXTRACTION CHROMATOGRAPHY RESINS
6.1

Introduction
Ocean water is the largest class of natural waters and is the main recipient of environmental

contamination through either atmospheric or aquatic pathways, as previously mentioned in Chapter 2.2.
The elevated salinity of ocean water (35 ‰: 35 g dissolved solids per 1000 g water) compared to other
natural waters imparts a complex matrix that could affect the rapid isolation, characterization, and
determination of anthropogenic radionuclides. The research described in Chapter 4 and Chapter 5 of this
work examined the effect of sodium and calcium interference on americium and plutonium uptake by six
extraction chromatographic resins from both nitric acid and hydrochloric acid. These interferences were
examined due to their potential over other matrix constituents to inhibit the uptake of radionuclides on
the extraction chromatographic resins that are used within different radioanalytical procedures. However,
ocean water is not solely comprised of sodium and calcium metal ions (Chapter 2.2.1); and the elevated
amount and combination of different metal ions in solution could further inhibit the uptake/retention of
radionuclides on the resins. Therefore, the research described in this chapter examines the effect of an
ocean water matrix on americium and plutonium adsorption on six extraction chromatographic resins
from both nitric acid and hydrochloric acid.
It is critical to this work to research the isolation and rapid determination of anthropogenic
radionuclides from an ocean water matrix due to the complex oceanic matrix, the size of the oceanic
matrix, and the oceanic residence time of certain radionuclides. The experiments described in this chapter
provides a foundation to develop new techniques/procedures for the rapid determination of
radionuclides in ocean water, especially when developing a more direct that eliminates the preconcentration steps.
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6.2

Experimental Design

6.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. The acid
system for each solution was either 1M HNO3/HCl (DGA resin) or 3 M HNO3/HCl (UTEVA, TEVA, TRU,
Diphonix, Actinide resin). Artificial ocean water was prepared as described in Chapter 3.1.3; and were
made from CaCl2·H20 (Fisher Chemicals, >99%), SrCl2·6H2O (J.T. Baker Chemicals, >99%), KCl (SigmaAldrich, >99%), NaHCO3 (Sigma-Aldrich, >99%), KBr (Sigma-Aldrich, >99%), H3BO3 (Fisher Chemicals,
>99%), NaF (Sigma-Aldrich, >99%), MgCl2 (Sigma-Aldrich, >98%), Na2SO4 (Fisher Chemicals, >99%), NaCl
(Fisher Chemicals, >99%), Ba(NO3)2 (J.T. Baker Chemicals, >99%), Mn(NO3)2·4H2O (Sigma-Aldrich, >99%),
Cu(NO3)2·3H2O (Sigma-Aldrich, >99%), Zn(NO3)2·6H2O (Sigma-Aldrich, >98%), Pb(NO3)2 (J.T. Baker
Chemicals, >99%), AgNO3 (Fisher Chemicals, >99%). Acidified ocean water was prepared as described in
Chapter 3.1.4.
All resins were used as received without further purification from Eichrom Technologies Inc. (Lisle,
IL). Working solutions of ~3000 Bq/mL 241Am or 239Pu in 5M HNO3 were prepared as described in Chapter
3.1.2.

6.2.2 Batch Study Procedure and Measurement
Batch study experiments were performed following the procedure detailed in Chapter 3.2.1.
Polypropylene microcentrifuge tubes were filled with 50 ± 0.5 mg of the desired extraction
chromatographic resin. The resin was preconditioned with 0.5 mL of the preferred solution (acid, acidified
ocean water, reconstituted acidified ocean water, artificial ocean water, and reconstituted artificial ocean
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water). The acid for each preferred solution was either 1M HNO3/HCl (DGA resin) or 3 M HNO3/HCl
(UTEVA, TEVA, TRU, Diphonix, Actinide resin). The final acid concentration of each resin system was
chosen based on previously reported retention factors and an acid concentration that resulted in a
relatively high retention factor, without adding a significant amount of nitrates or chlorides to the system,
was chosen for each resin to ensure that the radioisotope would adsorb onto the resin. The
microcentrifuge tubes were then agitated for one hour using a Labquake rotisserie-shaking table.
Following preconditioning, 0.9834 mL of the preferred solution was added to the sample. The
sample solution was then spiked with 16.67 µL of ~3000 Bq/mL

241

Am or

239

Pu in 5 M HNO3. The total

volume of the combined aqueous solution was 1.5 mL. The microcentrifuge tubes were agitated for an
additional hour using the rotisserie-shaking table. The solution was subsequently filtered through a 0.45
µm PTFE syringe filter into a secondary microcentrifuge tube. All batch studies were performed in four
replicates. Error was determined by the standard deviation of the replicate measurements.
A 0.9 mL aliquot of the filtered solution was dissolved into 15 ml of Ultima Gold AB cocktail that
was contained in a 20 mL HDPE vial and was subsequently analyzed on a Tri-Carb 2900TR as described in
Chapter 3.3.1.

6.2.3 Column Study Procedure
Pre-packed DGA normal resin cartridges were placed on top of a vacuum box system
(Manufacturer: Eichrom Technologies, Inc.). The columns were preconditioned with 5 mL of 1 M HNO3
and then loaded with 1 mL of 3000 Bq/mL 239Pu in 1 M HNO3. Different volumes (1 L or 2 L) of the preferred
solution (pure nitric acid or acidified artificial ocean water) were introduced to the columns and fractions
were collected in 25 mL increments. All solutions were passed through the columns at a flow rate of 3
mL/min.
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A 0.9 mL aliquot of each fraction was dissolved into 15 ml of Ultima Gold AB cocktail that was
contained in a 20 mL HDPE vial for analysis on a Tri-Carb 2900TR as described in Chapter 3.3.1.

6.3

Results and Discussion

6.3.1 Nitric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a nitric acid system to determine the retention factors of 241Am and
239

Pu in the presence of an ocean water matrix. The ocean water matrix was either acidified artificial ocean

water, acidified reconstituted artificial ocean water, acidified sampled ocean water, or acidified
reconstituted sampled ocean water. The artificial ocean water and the sampled ocean water were
reconstituted in order to not dilute the metal ion concentration in the sample when acidifying the ocean
water and to remove any volatile organics in the sample.
The retention factors of

241

Am on the six extraction chromatographic resins determined in the

presence of the four oceanic water matrices are shown in Figure 39. The retention of 241Am on five out of
the six extraction chromatographic resins (UTEVA, TEVA, TRU, Diphonix, and Actinide resin) was not
significantly affected by the presence of an oceanic water matrix. For a given resin, the retention factors
for 241Am did not significantly differ between pure acid, the two artificial ocean water matrices, or the two
sampled ocean water matrices. Out of these five extraction chromatographic resins, Actinide resin had
the greatest affinity for

241

Am with k’ values around 103. The affinity of the five different extraction

chromatographic resins for

241

Am followed the trend: Actinide > TRU > Diphonix > UTEVA = TEVA.

Retention factors that were less than one indicated that the radioisotope was not significantly retained
by the resin. UTEVA and TEVA resin showed little affinity for the tri-valent Am with k’ values around 1,
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which was expected due to these resins only having an affinity for metal ions that are tetra-valent (and
hexa-valent for UTEVA).
The retention of 241Am on DGA resin was significantly affected by the presence of either artificial
ocean water or sampled ocean water with k’ values decreasing by two orders of magnitude. The retention
factor k’ > 104 for 241Am on DGA resin in the pure nitric acid system was reduced to >102 when an ocean
water matrix was introduced into the system (either artificial ocean water or sampled ocean water). The
decrease in retention of 241Am on DGA resin was attributed to interference due to the calcium metal ions
found within ocean water. In Chapter 5, the retention of 241Am on DGA resin was significantly affected by
the calcium matrix introduced into the system with k’ values decreasing by three orders of magnitude
over the calcium concentration examined. However, the concentration of calcium in average ocean water
is 0.416 ‰ (0.0104 M); and at these concentrations, the k’ values decreased by two orders of magnitude.
This matched closely with the k’ values of
Therefore, the decrease in retention of

241

Am on DGA resin in the presence of an oceanic matrix.

241

Am on DGA resin was attributed solely to the calcium

interference and not of any other matrix constituent found within the sample. As previously mentioned,
the decrease in retention indicated that there is severe competition between the di-valent calcium (ionic
radii: 100 pm) and the tri-valent americium (ionic radii: 97.5 pm) for the extraction sites on DGA resin.
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Figure 39: Retention factors for the adsorption of americium-241 from nitric acid on six extraction chromatographic resins in
the presence of pure acid, acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water, and
reconstituted sampled ocean water.

The retention factors of

239

Pu on the six extraction chromatographic resins determined in the

presence of the four oceanic water matrices are shown in Figure 40. The retention of

239

Pu on the six

extraction chromatographic resins was not significantly affected by the presence of an oceanic water
matrix. For a given resin, the retention factors for 239Pu did not significantly differ between pure acid, the
two artificial ocean water matrices, or the two sampled ocean water matrices. All six of the resins had a
strong affinity for 239Pu with k’ values > 100 for all resins examined. Actinide resin had the greatest affinity
for 239Pu with k’ values around 104, which was near the detection limit of the LSC instrument. The high k’
values of 239Pu was expected since the resin is known to have a high selectivity for Pu(IV) (Chapter 2.3.6).62
The affinity of the different extraction chromatographic resins for 239Pu followed the trend: Actinide > TRU
> DGA > TEVA > UTEVA > Diphonix resin.
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Figure 40: Retention factors for the adsorption of plutonium-239 from nitric acid on six extraction chromatographic resins in the
presence of pure acid, acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water, and
reconstituted sampled ocean water.

6.3.2 Hydrochloric Acid System
Batch studies were conducted with six extraction chromatographic resins (DGA, UTEVA, TEVA,
TRU, Diphonix, and Actinide resin) in a hydrochloric acid system to determine the retention factors of
241

Am and 239Pu in the presence of an ocean water matrix. The ocean water matrix was either acidified

artificial ocean water, acidified reconstituted artificial ocean water, acidified sampled ocean water, or
acidified reconstituted sampled ocean water. The artificial ocean water and the sampled ocean water
were reconstituted in order to not dilute the metal ion concentration in the sample when acidifying the
ocean water and to remove any volatile organics in the sample.
The retention factors of

241

Am on the six extraction chromatographic resins determined in the

presence of the four oceanic water matrices are shown in Figure 41. The retention of

241

Am on the six

extraction chromatographic resins was not considerably affected by the presence of an oceanic water
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matrix. For a given resin, the retention factors for 241Am did not significantly differ between pure acid, the
two artificial ocean water matrices, or the two sampled ocean water matrices. A significant change in
retention would have been indicated by retention factors that differed by orders of magnitude. Actinide
resin had the greatest affinity for 241Am with k’ values around 103, which was right below the detection
limit of the LSC instrument. The high k’ values of 241Am on Actinide resin was expected since the resin is
known to have a high selectivity for Am(III) in hydrochloric acid (Chapter 2.3.6).62 The affinity of the
different extraction chromatographic resins for

241

Am followed the trend: Actinide > Diphonix > DGA >

TRU = UTEVA = TEVA resin. Retention factors that were less than one indicated that the radioisotope was
not significantly retained by the resin. TRU, UTEVA, and TEVA resin showed little affinity for the tri-valent
Am with k’ values around 1, which was expected due to these resins only having an affinity for metal ions
that are tetra-valent (and hexa-valent for UTEVA). Any variances of retention factors less than one were
attributed to experimental error.
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Figure 41: Retention factors for the adsorption of americium-241 from hydrochloric acid on six extraction chromatographic
resins in the presence of pure acid, acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water,
and reconstituted sampled ocean water.
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The retention factors of

239

Pu on the six extraction chromatographic resins determined in the

presence of the four oceanic water matrices are shown in Figure 42. The retention of 239Pu on five of the
six extraction chromatographic resins (DGA, TEVA, TRU, Diphonix, and Actinide resin) was not significantly
affected by the presence of an oceanic water matrix. For a given resin, the retention factors for 239Pu did
not considerably differ between pure acid, the two artificial ocean water matrices, or the two sampled
ocean water matrices. As previously mentioned, a significant change in retention would have been
indicated by retention factors that differed by orders of magnitude. Actinide resin not only had the
greatest affinity for 241Am, but also had the greatest affinity for 239Pu with k’ values around 104, which was
near the detection limit of the LSC instrument. The high k’ values for both 241Am and 239Pu were expected
since the resin is known to have a high selectivity for tri- and tetra- valent metal ions in hydrochloric acid
systems (Chapter 2.3.6).62 The affinity of the different extraction chromatographic resins for

239

Pu

followed the trend: Actinide > TRU > Diphonix = DGA > TEVA resin. Retention factors that were less than
one indicated that the radioisotope was not significantly retained by the resin. TEVA resin showed little
affinity for the tetra-valent Pu with k’ values around 1. Any variances of retention factors less than one
were attributed to experimental error.
The retention of 239Pu on UTEVA resin was significantly affected by the presence of sampled ocean
water with k’ values increasing by almost two orders of magnitude. The retention factor k’ > 1 for 239Pu
on UTEVA resin in a pure nitric acid system and artificial ocean water system was increased to > 20 when
a sampled ocean water matrix was introduced into the system. The increase in retention of 239Pu on UTEVA
resin could be attributed to a synergistic effect caused by some type of organic material found within
sampled ocean water, which would not be found in artificial ocean water since the retention of

239

Pu

under these conditions was not affected. Ocean water contains natural organic compounds, such as humic
substances, that can complex with Pu(IV). These plutonium complexes could act as surrogate nitrato
complexes that are extracted by the DAAP extractant of UTEVA resin. The work presented in this research
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only looked into the inorganic metal salts that comprise ocean water; therefore, a more in-depth
examination of the organic substances found within sampled ocean water and their effect on the
retention of plutonium on extraction chromatographic resins, particularly UTEVA resin, is necessary in the
future.
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Figure 42: Retention factors for the adsorption of plutonium-239 from hydrochloric acid on six extraction chromatographic
resins in the presence of pure acid, acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water,
and reconstituted sampled ocean water.

6.4

Conclusion
The work described in this chapter showed that that there was almost no significant interference

from the presence of an oceanic water matrix on either americium and plutonium adsorption on the six
extraction chromatographic resins from either a nitric acid or hydrochloric acid system. The only
exceptions were americium adsorption on DGA resin from a nitric acid system and plutonium adsorption
on UTEVA resin from a hydrochloric acid system (when sampled ocean water was introduced into the
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system). The retention of 241Am on DGA resin decreased by over two orders of magnitude when an ocean
water matrix was introduced into the system (either artificial ocean water or sampled ocean water). The
decrease in retention of 241Am on DGA resin was attributed to interference due to the calcium metal ions
found within ocean water, as described in Chapter 5. The retention of 239Pu on UTEVA resin increased by
an order of magnitude when a sampled ocean water matrix was introduced into the system. The increase
in retention of 239Pu on UTEVA resin could be attributed to a synergistic effect caused by some type of
organic material found within sampled ocean water. A more in-depth examination of the organic
substances found within sampled ocean water and their effect on the retention of plutonium on
extraction chromatographic resins, particularly UTEVA resin, is necessary in the future.
In general, for a given resin, the retention of 241Am or 239Pu was stronger from nitric acid systems
than compared to the retention from hydrochloric acid system. For a given resin (expect DGA resin and
UTEVA resin, as previously mentioned), the retention factors for 241Am or 239Pu did not significantly differ
when either artificial ocean water or sampled ocean water was introduced into the system. These results
indicated that there is little/no completion from any of the metal ions found within ocean water on the
six extraction chromatographic resins. It is important to note that the k’ values from this work matched
those from both the sodium interference study and the calcium interference study.
The lack of interference from any of the metal ions in ocean water is beneficial when developing
a more direct method for the measurement of radionuclides in ocean water that eliminates the preconcentration steps. The work described in the chapter provided a foundation to develop new
techniques/procedures for the rapid determination of radionuclides in ocean water. However, the
significant calcium interference on the retention of

241

Am on DGA resin is still troublesome, since DGA

resin has been used in several standard methods (Chapter 2.2.3.1) due to the resin having a high
selectivity/retention for americium. Any developed method that utilized DGA resin would have to remove
the calcium matrix prior to the sample solution being loaded onto a column in nitric acid.
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Future work would focus on performing column studies in order to determine the effect of an
ocean water matrix on the elution behavior of americium and plutonium. Additionally, breakthrough
column studies would be necessary in order to determine the amount of ocean water that can pass
through a single column before breakthrough of the radionuclide occurred. Preliminary research of
breakthrough column studies examined the breakthrough of 239Pu on DGA resin in a nitric acid system and
an acidified artificial ocean water system. Results indicated that the continual introduction of matrix
constituents from the artificial ocean water to the system inhibited the extractant system of the DGA
resin. When 2 L of artificial ocean water was introduced to a DGA column loaded with 3000 Bq 239Pu, the
total recovery of 239Pu increased from 6.9 % (pure nitric acid system) to 10.3 %. Due to time constraints
and waste volume, the breakthrough column studies require further investigation.
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CHAPTER 7: CALCIUM INTERFERENCE ON STRONTIUM ADSORPTION ON Sr RESIN
7.1

Introduction
The work described in Chapter 5 examined the effect of calcium on americium and plutonium

adsorption on six extraction chromatographic resins from either a nitric acid or hydrochloric acid system.
However, americium and plutonium are not the only radionuclides of concern that have been released
into the environment. Strontium, particularly 90Sr, has also been released into the environment as a result
of nuclear operations (Chapter 2.1) and, as previously mentioned, is of concern due its chemical similarity
with calcium. Calcium is found as major constituent of average ocean water with concentrations of 0.416
‰ (0.0104 M); and the chemical similarity between strontium and calcium could be problematic when
using extraction chromatography, since resins that have an affinity for strontium could also have an
affinity for calcium as well. Therefore, the work described in this chapter examined the effect of calcium
on strontium adsorption on two extraction chromatographic resins from either a nitric acid or
hydrochloric acid system. The two extraction chromatographic resins examined in this chapter were
chosen based on their affinity for strontium: Sr resin and DGA resin.
According to the literature, Sr resin has a much lower affinity for calcium (k’ values ≈1) compared to
strontium, which indicates that calcium should not interfere with the adsorption of strontium on the resin.
However, as previously mentioned in Chapter 2.3.7, the affinity of the resin for Sr(II) in 3 M HNO3
decreased at Ca(II) concentrations above 0.01 M from ~70 to ~20.71 Part of the work in this chapter
reexamined the previously reported calcium interference on strontium adsorption on Sr resin in 3 M nitric
acid (as well as hydrochloric acid) in order to 1) compare the results to the literature and 2) compare the
calcium interference at an acid concentration of 3 M versus a lower acid system (1 M).
DGA resin, according to the literature, has an affinity for both Ca(II) and Sr(II) above 0.5 M HNO3 with
k’ values for Ca(II) reaching a max at ~200 at 2 M HNO3 and k’ values for Sr(II) reaching a max at ~50 at 1
103

M HNO3.41 The resin reported to have little affinity for Ca(II) or Sr(II) over the entire HCl concentration
range studied with k’ < 10. Part of the work described in this chapter also examined the calcium
interference on strontium adsorption on DGA resin, which has not been published in the literature. The
concentration range of the synthetic calcium salt studied was centered on the calcium metal ion
concentration in average ocean water.

7.2

Experimental Design

7.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. Calcium
salt solutions were made from Ca(NO3)2·4H20 (Sigma-Aldrich, ACS, >99%) and Ca(Cl)2·2H2O (Fisher
Chemicals, ACS, >99%). Salt solutions were diluted to the desired concentration using 1 M HNO3/HCl (Sr,
DGA resin) or 3 M HNO3/HCl (Sr resin). Final calcium salt concentrations ranged from 0-1M (0-40.078 ‰
Ca). Table 21 lists the final calcium salt concentrations and the corresponding initial calcium salt solution
concentrations that were prepared.

Table 21: List of Final and Initial Calcium Salt Solution Concentrations

Initial [Ca]
0
0.0015
0.0075
0.015
0.075
0.15
0.375
0.75
1.5

Initial Volume (mL)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1
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Final [Ca]
0.000 ‰
0.040 ‰
0.200 ‰
0.401 ‰
2.004 ‰
4.008 ‰
10.020 ‰
20.039 ‰
40.078 ‰

Final Volume (mL)
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

All resins were used as received from Eichrom Technologies Inc. (Lisle, IL) without further purification.
Working solutions of ~20,000 Bq/mL 85Sr in 1M/3M HNO3/HCl were prepared as described in Chapter
3.1.2.

7.2.2 Batch Study Procedure and Measurement
Batch study experiments were performed following the procedure detailed in Chapter 3.2.1.
Polypropylene microcentrifuge tubes were filled with 50 ± 0.5 mg of the desired extraction
chromatographic resin. The resin was preconditioned with 0.4 mL of either 1M HNO3/HCl (Sr, DGA resin)
or 3 M HNO3/HCl (Sr resin). The final acid concentration for each resin system was chosen based on
previously reported retention factors and an acid concentration that resulted in a relatively high retention
factor, without adding a significant amount of nitrates or chlorides to the system, was chosen for each
resin to ensure that the radioisotope would adsorb onto the resin. The microcentrifuge tubes were then
agitated for one hour using a Labquake rotisserie-shaking table.
Following preconditioning, 1 mL of the initial calcium salt solution was added to the sample. The
sample solution was then spiked with 100 µL of ~20,000 Bq/mL 85Sr in 1M/3M HNO3/HCl, depending on
the acid system. The total volume of the aqueous solution was 1.5 mL. The microcentrifuge tubes were
agitated for an additional hour using the rotisserie-shaking table. The solution was subsequently filtered
through a 0.45 µm PTFE syringe filter into a secondary microcentrifuge tube. All batch studies were
performed in four replicates. Error was determined by the standard deviation of the replicate
measurements.
A 1.0 mL aliquot of the filtered solution was transferred into a 13 mm diameter culture tube for
analysis on a Wallac 1470 WIZARD automatic gamma counter as described in Chapter 3.3.2.
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7.3

Results and Discussion

7.3.1 Nitric Acid System
Batch studies were conducted with Sr resin in a nitric acid system to determine the retention
factors for strontium in the presence of a calcium salt solution. Calcium metal ion concentrations studied
ranged from 0-40.078 ‰ (0-1.0 M) in order to cover the range of possible concentrations that could be
encountered in natural waters (ocean water: 0.416 ‰ Ca (0.0104 M Ca)).
The retention factors of 85Sr on Sr resin in the presence of varying amounts of calcium are shown
in Figure 43. The final acid concentrations of the systems examined were 3 M and 1 M HNO 3. Part of the
work in this section reexamined the calcium interference on strontium adsorption on Sr resin in 3 M HNO3
in order to compare it to the results previously published in the literature. The retention factors of 85Sr on
Sr resin in a 3 M HNO3 system in this work started at k’≈65 and then began to gradually decrease at salt
concentrations above 0.01 M, with k’ values reducing to a minimum of k’≈30 at 1 M calcium
concentrations. These trends matched the literature results presented by Horwitz et al.71 They also
reported that the affinity of Sr resin for Sr(II) in 3 M HNO3 decreased at salt concentrations above 0.01 M.
The only discrepancy between the results presented in this Section and the literature, is that the literature
had higher initial k’ values of k’≈80, which could be attributed to either differences in procedure or
different batches of Sr resin being used. However, McLain et al. also reported lower initial k’ values of 59.1
± 1.1 for Sr(II), which were similar to the initial k’ values that were determined in this research.104 In either
case, these results indicated that calcium concentrations in ocean water do not significantly reduce the
retention of strontium on Sr resin; however, the retention of Sr is reduced if any additional calcium is
introduced to the system above ocean water concentrations. Therefore, at higher salt concentrations, the
Ca(II) ions were competing against the strontium for extractant sites within the crown ether.
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Additionally, a final acid concentration of 1 M HNO3 was chosen due to the resin still having a high
retention for strontium. The lower acid concentration also allows for less nitrates to be introduced into
the system. The retention factors of 85Sr on Sr resin in a 1 M HNO3 pure acid system were k’≈ 30 over the
entire calcium interference concentration examined. Reducing the acid concentration of the system to 1
M from 3 M, reduced the retention of 85Sr on Sr resin by half. However, the affinity of the resin for Sr(II)
did not decrease when any concentration of calcium was introduced into the system, indicating that
calcium is not an interference in 1 M HNO3 acid systems.
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Figure 43: Retention factors for the adsorption of strontium-85 from nitric acid on Sr resin (in the presence of varying
concentrations of a calcium salt solution).

7.3.2 Hydrochloric Acid System
Batch studies were conducted with Sr resin in a hydrochloric acid system to determine the
retention factors for strontium in the presence of a calcium salt solution. Calcium metal ion concentrations
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studied ranged from 0-40.078 ‰ (0-1.0 M) in order to cover the range of possible concentrations that
could be encountered in natural waters (ocean water: 0.416 ‰ Ca (0.0104 M Ca)).
The retention factors of 85Sr on Sr resin in the presence of varying amounts of calcium are shown
in Figure 44. The final acid concentrations of the systems examined were 3 M and 1 M HCl in order to
compare against results from the nitric acid systems. The retention factors for strontium on Sr resin in a
3 M and 1 M HCl pure acid system were k’≈ 1-2 for both acid systems. The lower retention factors of Sr(II)
on Sr resin from HCl could be attributed to both solvation and ion exchange mechanisms occurring in this
system, while in nitric acid systems the solvation mechanism is expected to be predominant.105 The low
retention factors k’≈1, indicated that strontium was not significantly retained by the Sr resin; therefore,
the introduction of an ocean water matrix to the system would not interfere with the uptake of strontium.
Additionally, any variances of retention factors around one were attributed to experimental error.
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Figure 44: Retention factors for the adsorption of strontium-85 from hydrochloric acid on Sr resin (in the presence of varying
concentrations of a calcium salt solution).
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7.3.3 Strontium Adsorption on DGA Resin
Batch studies were also conducted with DGA resin in a nitric acid and hydrochloric acid system to
determine the retention factors for strontium in the presence of a calcium salt solution. Calcium metal
ion concentrations studied ranged from 0-40.078 ‰ (0-1.0 M) in order to cover the range of possible
concentrations that could be encountered in natural waters (ocean water: 0.416 ‰ Ca (0.0104 M Ca)). As
previously mentioned, DGA resin has an affinity for strontium in nitric acid; therefore, DGA resin has the
potential to be used within separation schemes for the rapid determination of strontium in ocean water.
The retention factors of 85Sr on DGA resin in the presence of varying amounts of calcium are
shown in Figure 45. The final acid concentrations of the systems examined were 1 M HNO3 and 1 M HCl.
A final acid concentration of 1 M HNO3 was chosen due to the resin having the highest affinity for
strontium at this concentration. The lower acid concentration also allows for less nitrates and chlorides
to be introduced into the system. The retention of 85Sr on DGA resin was significantly affected by the
calcium matrix introduced into the system with k’ values decreasing by two orders of magnitude over the
calcium concentration examined. This trend indicated that there is severe competition between the divalent calcium (ionic radii: 100 pm) and the di-valent strontium (ionic radii: 118 pm) for the extraction
sites on DGA resin. The retention of 85Sr on DGA resin decreased to k’<1 at salt concentrations above 0.05
M. Low retention factors k’≈1, indicated that strontium was not significantly retained by the Sr resin.
Additionally, any variances of retention factors around one were attributed to experimental error. These
results indicated that calcium is a major interference on Sr adsorption on DGA resin.
The retention factor of 85Sr on DGA resin from a pure hydrochloric acid system was k’≈ 1. The low
retention factor, indicated that strontium was not significantly retained by the DGA resin in a hydrochloric
acid system. The retention of 85Sr on DGA resin was slightly affected by the calcium matrix introduced into
the system with k’ values decreasing to k’≈0.3 at salt concentrations above 0.5 M. These trends could have
indicated that Ca(II) ions were competing against the strontium for extractant sites on the DGA resin.
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However, the low retention factors are not that much lower than a pure acid system and strontium was
still not significantly retained by the DGA resin. Additionally, any variances of retention factors less than
one were attributed to experimental error.
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Figure 45: Retention factors for the adsorption of strontium-85 from nitric and hydrochloric acid on DGA resin (in the presence
of varying concentrations of a calcium salt solution).

7.4

Conclusion
The work described in this chapter examined the calcium interference on strontium adsorption

on two extraction chromatographic resins from either a nitric acid or hydrochloric acid system. The first
part of the work in this chapter reexamined the calcium interference on strontium adsorption on Sr resin
in 3 M nitric acid (as well as hydrochloric acid) in order to 1) compare the results to the literature and 2)
compare the calcium interference in a 3 M system versus a lower acid system (1 M). The retention factors
of 85Sr on Sr resin in a 3 M HNO3 system in this work matched those in literature with k’ values gradually
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decreasing at salt concentrations above 0.01 M, with k’ values reducing to a minimum of k’≈30 at 1 M
calcium concentrations. These results indicated that calcium concentrations in ocean water do not
significantly reduce the retention of Sr on Sr resin; however, the continual introduction of calcium to a
fixed amount of Sr resin, could potentially decrease the retention of Sr on the resin. Therefore, any
developed method that utilized Sr resin in 3 M nitric acid systems, or higher, would have to remove the
calcium matrix prior to the sample solution being loaded onto a column. However, retention factors of
85

Sr on Sr resin in a 1 M HNO3 system were k’≈ 30 over the entire calcium interference concentration

examined, which indicated that calcium is not an interference in lower acid systems. Therefore, methods
that utilized Sr resin in lower nitric acid systems would not have to remove the calcium matrix prior to the
sample solution being introduced to the resin. Sr resin had low retention factors k’≈1 for strontium from
a hydrochloric acid system, which indicated that strontium was not significantly retained by the Sr resin.
The second part of this work in this chapter showed that there was a significant interference from
the presence of a calcium salt solution. The retention factors for 85Sr on DGA resin decreased by over two
orders of magnitude from k’≈70 to k’≈2. The decrease in strontium retention is due to competition with
Ca(II), which is chemically similar to Sr(II), for extractant sites on the DGA resin. The significant calcium
interference on the retention of Sr on DGA resin was very troublesome when developing a more direct
method for the measurement of radionuclides in ocean water that eliminates the pre-concentration steps.
Any developed method that utilized DGA resin would have to remove the calcium matrix prior to the
sample solution being loaded onto a column in nitric acid. DGA resin had low retention factors k’≈2 for
strontium from a hydrochloric acid system, which indicated that strontium was not significantly retained
by the Sr resin.
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CHAPTER 8: EFFECT OF OCEAN WATER MATRIX ON STRONTIUM ADSORPTION ON Sr RESIN
8.1

Introduction
The work described in Chapter 6 examined the effect of an ocean water matrix on the adsorption

of americium and plutonium adsorption on six extraction chromatographic resins and provided a
foundation for the development of new procedures for the rapid determination of these radionuclides in
ocean water. However, americium and plutonium are not the only radionuclides of concern that have
been released into the environment. Strontium, particularly

90

Sr, has also been released into the

environment as a result of a variety of nuclear operations (Chapter 2.1) and, as previously mentioned, is
of concern due to the chemical similarity with calcium and the potential for exposure when strontium is
incorporated in the human body instead of calcium. Therefore, it is critical for this work to investigate the
isolation and rapid determination of strontium from an ocean water matrix. The research described in this
chapter examines the effect of an ocean water matrix on the adsorption of strontium on two extraction
chromatographic resins from either a nitric acid or hydrochloric acid system. The two extraction
chromatographic resins that were examined in this chapter were chosen based on their affinity for
strontium: Sr resin and DGA resin.
Radiochemical separations using Sr resin have recently grown in popularity for the determination
of strontium in ocean water due to the affinity of the resin for strontium.71 The resin has a strong affinity
for strontium with k’ values > 50 above 3 M HNO3 and reaching k’ values near 100 at higher acid
concentrations. The resin also has a lower affinity for alkali and alkaline earth metals compared to
strontium. These trends indicate that strontium could be extracted in the presence of the main
constituents found within ocean water as well as Cs, which is another important fission product that has
been released into the environment. One of the major concerns in using Sr resin is the possible
interference due to potassium. As previously mentioned in Chapter 2.3.7, the affinity of the resin for Sr(II)
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in 3 M HNO3 decreased at salt concentrations (Ca, Na, or K) above 0.01 M, with potassium reducing k’
values by an order of magnitude at higher salt concentrations.
DGA resin was also examined in this work due to its affinity for strontium in nitric acid.41 The resin
has an affinity Sr(II) above 0.5 M HNO3 with k’ values reaching a max at ~50 at 1 M HNO3. The metal cation
could be eluted off using either low (0.1 M) or high (11 M) concentrations of HNO3. However, there is still
a major concern with calcium interference on the adsorption of strontium on the resin. The resin also has
an affinity for Ca(II) above 0.5 M HNO3 with k’ values for Ca(II) reaching a max at ~200 at 2 M HNO3.
The work described in this chapter examines the effect of an ocean water matrix on strontium
adsorption on Sr resin and DGA resin from either a nitric acid or hydrochloric acid system. The work will
provide a foundation for the development of new techniques/procedures for the rapid determination of
radionuclides in ocean water, especially when developing a more direct approach that eliminates the preconcentration steps.

8.2

Experimental Design

8.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. Artificial
ocean water was prepared as described in Chapter 3.1.3; and were made from CaCl2·H20 (Fisher
Chemicals, >99%), SrCl2·6H2O (J.T. Baker Chemicals, >99%), KCl (Sigma-Aldrich, >99%), NaHCO3 (SigmaAldrich, >99%), KBr (Sigma-Aldrich, >99%), H3BO3 (Fisher Chemicals, >99%), NaF (Sigma-Aldrich, >99%),
MgCl2 (Sigma-Aldrich, >98%), Na2SO4 (Fisher Chemicals, >99%), NaCl (Fisher Chemicals, >99%), Ba(NO3)2
(J.T. Baker Chemicals, >99%), Mn(NO3)2·4H2O (Sigma-Aldrich, >99%), Cu(NO3)2·3H2O (Sigma-Aldrich,
>99%), Zn(NO3)2·6H2O (Sigma-Aldrich, >98%), Pb(NO3)2 (J.T. Baker Chemicals, >99%), AgNO3 (Fisher
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Chemicals, >99%). Acidified ocean water was prepared as described in Chapter 3.1.4. The acid system for
each solution was either 1M HNO3/HCl (Sr, DGA resin) or 3 M HNO3/HCl (Sr resin).
All resins were used as received from Eichrom Technologies Inc. (Lisle, IL) without further
purification. Working solutions of ~20,000 Bq/mL 85Sr in 1M/3M HNO3/HCl were prepared as described in
Chapter 3.1.2.

8.2.2 Batch Study Procedure and Measurement
Batch study experiments were performed following the procedure detailed in Chapter 3.2.1.
Polypropylene microcentrifuge tubes were filled with 50 ± 0.5 mg of the desired extraction
chromatographic resin. The resin was preconditioned with 0.5 mL of the preferred solution (acid, acidified
ocean water, reconstituted acidified ocean water, artificial ocean water, reconstituted artificial ocean
water). The acid system for each preferred solution was 1M HNO3/HCl (DGA, Sr resin) or 3 M HNO3/HCl
(Sr resin). The final acid concentration for each resin system was chosen based on previously reported
retention factors and an acid concentration that resulted in a relatively high retention factor, without
adding a significant amount of nitrates or chlorides to the system, was chosen for each resin to ensure
that the radioisotope would adsorb onto the resin. The microcentrifuge tubes were then agitated for one
hour using a Labquake rotisserie-shaking table.
Following preconditioning, 0.95 mL of the preferred solution was added to the sample. The
sample solution was then spiked with 50 µL of ~20,000 Bq/mL 85Sr in 1M/3M HNO3/HCl. The total volume
of the aqueous solution was 1.5 mL. The microcentrifuge tubes were agitated for an additional hour using
the rotisserie-shaking table. The solution was subsequently filtered through a 0.45 µm PTFE syringe filter
into a secondary microcentrifuge tube. All batch studies were performed in four replicates. Error was
determined by the standard deviation of the replicate measurements.
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A 1.0 mL aliquot of the filtered solution was transferred into a 13 mm diameter culture tube for
analysis on a Wallac 1470 WIZARD automatic gamma counter as described in Chapter 3.3.2.
8.3

Results and Discussion

8.3.1 Nitric Acid System
Batch studies were conducted with Sr resin in a nitric acid system to determine the retention
factors for strontium in the presence of an ocean water matrix. The 85Sr isotope was used instead of 90Sr
in order to avoid the ingrowth period required before analysis. The ocean water matrix was either acidified
artificial ocean water, acidified reconstituted artificial ocean water, acidified sampled ocean water, or
acidified reconstituted sampled ocean water. The artificial ocean water and the sampled ocean water
were reconstituted in order to not dilute the metal ion concentration in the sample when acidifying the
ocean water and to remove any volatile organics in the sample.
The retention factors for 85Sr on Sr resin in the presence of the four oceanic water matrices are
shown in Figure 46. The final acid concentrations of the systems examined were 3 M and 1 M HNO 3.
Literature has previously shown that there is no significant gain in strontium retention on the resin after
3 M HNO3; therefore, this acid concentration was chosen to perform the batch studies. Additionally, a
final acid concentration of 1 M HNO3 was chosen due to the resin still having a high retention for
strontium. The lower acid concentration also allows for less nitrates to be introduced into the system and
for results to be compared against the DGA system, which is in 1 M HNO3. The retention factors for
strontium on Sr resin in a 3 M and 1 M HNO3 pure acid system were k’≈ 65 and k’≈ 30, respectively.
Reducing the acid concentration of the system to 1 M, reduced the retention of 85Sr on Sr resin by half.
However, the retention of 85Sr on the resin in either acid concentration was affected by the presence of
an oceanic water matrix. For a given acid concentration, the retention factors for 85Sr decreased by ~20
when either an artificial ocean water matrix or a sampled ocean water matrix was introduced into the
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system. These trends indicated that a metal ion or a combination of metal ions were competing against
the strontium for extractant sites within the crown ether. Further studies are required to determine which
metal ions are causing the interference; however, the interference was most likely due to potassium. This
metal ions have been known to have some retention on Sr resin and interfere with the uptake of
strontium. Calcium, as seen in Chapter 7, has shown to not significantly interfere with the adsorption of
Sr at calcium concentrations found within average ocean water.
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Evaporated Sampled Ocean Water

1000

100

k'

10

1

0.1
Sr Res: 3M

Sr Res: 1M
Resin

Figure 46: Retention factors for the adsorption of strontium-85 from nitric acid on Sr resin in the presence of pure acid, acidified
artificial ocean water, reconstituted artificial ocean water, sampled ocean water, and reconstituted sampled ocean water.

8.3.2 Hydrochloric Acid System
Batch studies were conducted with Sr resin in a hydrochloric acid system to determine the
retention factors for strontium in the presence of an ocean water matrix. The

85

Sr isotope was used

instead of 90Sr in order to avoid the ingrowth period required before analysis. The ocean water matrix was
either acidified artificial ocean water, acidified reconstituted artificial ocean water, acidified sampled
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ocean water, or acidified reconstituted sampled ocean water. The artificial ocean water and the sampled
ocean water were reconstituted in order to not dilute the metal ion concentration in the sample when
acidifying the ocean water and to remove any volatile organics in the sample.
The retention factors for 85Sr on Sr resin in the presence of the four oceanic water matrices are
shown in Figure 47. The final acid concentrations of the systems examined were 3 M and 1 M HCl in order
to compare against results from the nitric acid systems of oceanic water matrices. The retention factors
for strontium on Sr resin in a 3 M and 1 M HCl pure acid system were k’≈ 1-2 for either acid system. The
lower retention factors of Sr(II) on Sr resin from HCl could be attributed to both solvation and ion exchange
mechanisms occurring in this system, while in nitric acid systems the solvation mechanism is expected to
be predominant.105 The low retention factors k’≈1, indicated that strontium was not significantly retained
by the Sr resin. For a given acid concentration, the retention of 85Sr did not significantly differ between
pure acid, the two artificial ocean water matrices, or the two sampled ocean water matrices. Again, the
low retention factors indicated that the Sr resin did not significantly retain strontium; therefore, the
introduction of an ocean water matrix to the system would not interfere with the uptake of strontium.
Additionally, any variances of retention factors less than one were attributed to experimental error.
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Figure 47: Retention factors for the adsorption of strontium-85 from hydrochloric acid on Sr resin in the presence of pure acid,
acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water, and reconstituted sampled ocean
water.

8.3.3 Strontium Adsorption on DGA Resin
Batch studies were conducted with DGA resin in both a nitric acid and a hydrochloric acid system
to determine the retention factors for strontium in the presence of an ocean water matrix. As previously
mentioned, DGA resin has an affinity for strontium in nitric acid; therefore, DGA resin has the potential to
be used within separation schemes for the rapid determination of strontium in ocean water. As with the
strontium adsorption on Sr resin batch studies, the 85Sr isotope was used instead of 90Sr in order to avoid
the ingrowth period required before analysis. The ocean water matrix was either acidified artificial ocean
water, acidified reconstituted artificial ocean water, acidified sampled ocean water, or acidified
reconstituted sampled ocean water. The artificial ocean water and the sampled ocean water were
reconstituted in order to not dilute the metal ion concentration in the sample when acidifying the ocean
water and to remove any volatile organics in the sample.
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The retention factors of 85Sr on DGA resin in the presence of the four oceanic water matrices are
shown in Figure 48. The final acid concentrations of the systems examined were 1 M HNO 3 and 1 M HCl.
A final acid concentration of 1 M HNO3 was chosen due to the resin having the highest affinity for
strontium at this concentration. The lower acid concentration also allows for less nitrates and chlorides
to be introduced into the system. The retention factor of 85Sr on DGA resin from a pure nitric acid system
was k’≈ 70. The retention of 85Sr on DGA resin was significantly affected by the presence of an oceanic
water matrix. The retention factor for radiostrontium on DGA resin was reduced by over two orders of
magnitude to k’≈2. The decrease in retention of 85Sr on DGA resin in a nitric acid system was most likely
due to calcium interference. DGA resin is known to have an affinity for Ca(II) at 1 M HNO3, as previously
mentioned. Therefore, the decrease in strontium retention is most likely due to competition with Ca(II),
which is chemically similar to Sr(II), for extractant sites on the DGA resin as shown in Chapter 7.
The retention factor of 85Sr on DGA resin from a pure hydrochloric acid system was k’≈ 2. The low
retention factor, indicated that strontium was not significantly retained by the DGA resin in a hydrochloric
acid system. The retention of 85Sr on DGA resin was affected by the presence of an oceanic water matrix.
The retention factor of 85Sr on DGA resin from a hydrochloric acid system decreased to k’≈1 when either
an artificial ocean water matrix or a sampled ocean water matrix was introduced into the system. These
trends could have indicated that a metal ion or a combination of metal ions were competing against the
strontium for extractant sites on the DGA resin. However, the low retention factors are not that much
lower than a pure acid system and strontium was still not significantly retained by the DGA resin.
Additionally, any variances of retention factors less than one were attributed to experimental error.
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Figure 48: Retention factors for the adsorption of strontium-85 from nitric and hydrochloric acid on DGA resin in the presence
of pure acid, acidified artificial ocean water, reconstituted artificial ocean water, sampled ocean water, and reconstituted
sampled ocean water.

8.4

Conclusion
The work described in this chapter examined the effect of an ocean water matrix on strontium

adsorption on two extraction chromatographic resins from both a nitric acid and a hydrochloric acid
system. Results showed that there was a slight interference from the presence of an oceanic water matrix
on strontium adsorption on Sr resin from a nitric acid system. The retention factors for 85Sr on Sr resin
decreased by ~20 when either an artificial ocean water matrix or a sampled ocean water matrix was
introduced into the system. These trends indicated that a metal ion or a combination of metal ions were
competing against the strontium for extractant sites within the crown ether. Additionally, reducing the
acid concentration of the system from 3 M to 1 M HNO3, reduced the retention of 85Sr on Sr resin by half.
Sr resin had low retention factors k’≈1 for strontium from a hydrochloric acid system, which indicated that
strontium was not significantly retained by the Sr resin.
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Results also showed that there was a significant interference from the presence of an oceanic
water matrix on strontium adsorption on DGA resin from a nitric acid system. The retention factors for
85

Sr on DGA resin decreased by over two orders of magnitude from k’≈70 to k’≈2. The decrease in

strontium retention is due to competition with Ca(II) for extractant sites on the DGA resin, which was
shown in Chapter 7. DGA resin had low retention factors k’≈2 for strontium from a hydrochloric acid
system, which indicated that strontium was not significantly retained by the Sr resin.
The slight interference from the ocean water matrix on the retention of strontium on Sr resin
could be problematic when developing a more direct method for the measurement of radionuclides in
ocean water that eliminates the pre-concentration steps. Further studies are required to determine which
metal ions are causing the interference and breakthrough column studies would be necessary in order to
determine the amount of ocean water that can pass through a single column before breakthrough of the
radionuclide occurred. The significant interference from the ocean water matrix on the retention of
strontium on DGA resin is very troublesome when developing new procedures for the rapid determination
of radionuclides in ocean water. The interference is due to calcium; therefore developed method that
utilized DGA resin would have to remove the calcium matrix prior to the sample solution being loaded
onto a column in nitric acid. The work described in the chapter provided a foundation to develop new
techniques/procedures for the rapid determination of radionuclides in ocean water.
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CHAPTER 9: COMPARISION OF ANALYTICAL PROCEDURES FOR THE MEASUREMENT OF CESIUM-137 IN
OCEAN WATER
9.1

Introduction
The work described in this chapter shifts the focus to the research performed at the Institute for

Environmental Radioactivity (IER) at Fukushima University in Japan. During the stay at the IER, analytical
procedures for the measurement of

137

Cs in ocean water were compared and evaluated for their

usefulness in monitoring radiocesium levels off the coast of Japan. As previously mentioned in Chapter
2.1.3, a magnitude 9.0 earthquake occurred off the Pacific coast of the Tōhoku Region of Japan, about 130
km offshore from the city of Sendai, on March 11, 2011. The Great East Japan Earthquake, as it is known,
resulted in a tsunami with waves reaching over 15 m at the coast where the Fukushima Dai-ichi Nuclear
Power Plant (FDNPP) was located. The earthquake and subsequent tsunami disabled the power supply
and cooling of three of the reactor units at FDNPP and resulted in the largest accidental release of
anthropogenic radionuclides into the ocean.106 A list of the anthropogenic radionuclides that were
released into the environment from the FDNPP Disaster can be found in Chapter 2.1.3. Cesium-137, with
a relatively long half-life (30.08 years) and high mobility within the environment, was one of the major
fission products that was discharged into the environment from the reactors. The FDNPP accident directly
released 15.3 PBq of 137Cs into the atmosphere, 141 PBq into stagnant water, and 3.50 PBq into the ocean
(2.2%, 20%, and 0.5% of the total 137Cs inventory of the three cores, respectively).7
In a collaborative effort between several Institutes and Agencies have been monitoring the
radiocesium levels at various sampling locations off the coast of Japan.107 As previously mentioned in
Chapter 2.2.2, the average 137Cs activity in the surface water in the North Pacific Ocean before the FDNPP
Disaster was 2.4 ± 0.3 Bq/m3 (as of January 1, 2000). Monitoring data from TEPCO (Tokyo Electric Power
Company) provided

137

Cs levels at the north canal of the undamaged reactor units 5 and 6. Their data
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suggested that the major direct release of 137Cs into the water from the accident occurred 15-26 days after
the initial earthquake, with 137Cs levels reaching 68 MBq/m3 on April 6, 2011. As a part of this collaborative
effort, a time series of samples was collected at two specific sampling locations on the southern coast:
Hasaki, Ibaraki, Japan (35.842° N, 140.763° E) and Tomioka, Fukushima, Japan (37.335° N, 141.031° E).
Ocean water samples monitored at Hasaki reported surface water 137Cs levels of 50-110 Bq/m3 up until 81
days after the earthquake, when the levels reached a maximum of 2080 ± 150 Bq/m3. The 137Cs levels then
decreased steadily with fluctuation and remained steady between 3.6-7.4 Bq/m3 as of 2014-2015. Ocean
water monitoring at Tomioka began in 2014 and the 137Cs levels observed in this location remained steady
between 20.2-87.8 Bq/m3. These levels were expected since Tomioka is located between the FDNPP site
and Hasaki and the coastal current generally flowed southward in this region.107 The work described in
this chapter compares analytical procedures for monitoring

137

Cs levels in ocean water sampled at

Tomioka.
As previously mentioned in Chapter 2.2.3, the current standard method for the determination of
cesium in ocean water is through an ammonium molybdophophate (AMP) precipitation. In this work, the
improved AMP procedure developed by Aoyama et al. and the AMP double treatment procedure
developed by Hirose et al. were compared against methods that utilized Cesium resins (Chapter 2.3.8)
developed by Triskem International.28, 108 The advantages of using the Cesium resins (either AMP-PAN or
KNiFC-PAN) include that the resins can be used in a column technique for in-field use, and that the only
time constraints for these methods are the time required for the ocean water to be pumped through the
column and the amount of time required to dry the resin for measurement. Therefore, the objective of
this study was to first characterize the AMP-PAN and KNiFC-PAN resins for their solid and active
component content as well as their break point for cesium uptake. The second objective of this work was
to optimize extraction methods that utilize the AMP-PAN and KNiFC-PAN resins and compare them with
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the standard improved AMP procedure and AMP double treatment procedure for the determination of
radiocesium in ocean water.

9.2

Experimental Design

9.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50) was used for the preparation of all solutions. All reagents
were analytical grade and used as received without further purification. AMP powder was produced by
KANSO CO. LTD. (Katano, Osaka, Japan) (137Cs: < 0.020 mBq/g; 134Cs: <0.043 mBq/g). Both cesium resins
(Chapter 2.3.8) were used without further purification as received from Triskem International (Bruz,
France): AMP-PAN (SA-HC-BO1-M; Lot: FHCM160129) and KNiFC-PAN (SA-NC-BO1-M; Lot: FNCM160225).

9.2.2 Amount of Cs-137 and K-40 in AMP-PAN and KNiFC-PAN
Both Cesium Resins (Chapter 2.3.8) were assayed using HPGe detectors to determine the initial
activity of 137Cs and 40K present in/on the resins. Samples of AMP-PAN (~2 g wet resin) and KNiFC-PAN (~4
g wet resin) were measured in polycarbonate counting vials on HPGe coaxial well Detectors 8 and 9 for
96.74 hours and 262.78 hours, respectively. Both detectors were located at the IER as described in Chapter
3.3.3.

9.2.3 Active Component Composition of AMP-PAN and KNiFC-PAN
A dissolution experiment was conducted with AMP-PAN resin in order to evaluate the amount of
active AMP component that was present in the AMP-PAN resin. A 0.25 g sample of AMP-PAN wet resin
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was suspended in 3 mL of 6 M NaOH solution until the yellow color of the resin disappeared. The solution
was then gravity filtered using a 5C grade filter paper (Advantec, Japan). The filter paper was dried and
weighed to determine the mass of PAN present within the AMP-PAN resin.
The amount of active KNiFC component that was present in KNiFC-PAN resin was determined
from the initial 40K activity measurement of the resin as described in Chapter 9.2.2.

9.2.4 Solid Content of AMP-PAN and KNiFC-PAN
Evaporation experiments were conducted on AMP-PAN and KNiFC-PAN resins in order to evaluate
the solid AMP-PAN or KNiFC-PAN content in the respective resins. A 0.5 g sample of AMP-PAN or KNiFCPAN wet resin was placed in a beaker and heated on a hot plate at 80 °C for one hour. The beaker was
then allowed to cool and weighed in order to determine the dry mass of AMP-PAN and KNiFC-PAN within
the respective wet resins.

9.2.5 Breakpoint for Cesium Uptake in Ocean Water Samples: Column Experiment
Column experiments on AMP-PAN and KNiFC-PAN resins were conducted to evaluate the
breakpoint for cesium uptake. These studies were carried out with ocean water samples collected at
Tomioka, Fukushima, Japan (37.335° N, 141.031° E) (Sampled: 2014/06/23) as described in Chapter 3.1.4.
Increasing amounts of stable 133Cs carrier were added to each 1-L sample of ocean water (25 mg/mL CsCl
stock solution: 0-50 mg CsCl addition for AMP-PAN and 0-220 mg CsCl addition for KNiFC-PAN) in addition
to the 0.4 µg/L natural cesium concentration in ocean water in order to determine the stoichiometric ratio
of cesium compound to resin. The solution was stirred for one hour.
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Prior to the experiment, all column materials were cleaned with 6 N nitric acid and standardized
with de-ionized water and glass wool inside the column to achieve flow rates of 20 mL/min. Columns were
custom made in house from 10-mL Bio Spin Poly-Prep Chromatography Columns. The resin bed was
formed by slurry packing 0.5 g of the wet resin in acidified water (pH=1.6). A second PTFE frit was placed
on top of the resin bed to reduce re-suspension of the resin. An inverted 2 mL Eichrom column without
the PTFE frit was placed on top of the chromatography column to produce a closed system for gravity flow
processing. Ocean water samples (1-L sample) were passed through the column at a flow rate of 20
mL/min and the flow rate was regulated by adjusting the tubing valve controller on the tube feeding into
the column and stopcocks on the column.
The 1-L ocean water samples were passed through the columns and the processed solutions were
collected into clean containers. Aliquots of the aqueous samples were diluted with 5 % HNO3 and analyzed
for stable 133Cs using ICP-MS as described in Chapter 3.3.6. After processing, the resins were transferred
from the columns to polycarbonate counting vials for measurement on HPGe coaxial well detectors
located at the IER as described in Chapter 3.3.3. Table 22 lists the count times for each 1-L ocean water
sample for varying amounts of CsCl added to each resin.

Table 22: List of Count Times for Cesium Breakpoint Column Experiments for AMP-PAN and KNiFC-PAN

AMP-PAN
Amount of CsCl Added (mg) Count Time (Hours)
0
117.69
16
77.01
24
70.84
32
26.14
38
88.71
44
26.10
50
123.85

KNiFC-PAN
Amount of CsCl Added (mg) Count Time (Hours)
0
71.17
120
168.34
140
162.12
160
120.52
180
47.32
200
120.54
220
143.84
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9.2.6 Breakpoint for Cesium Uptake in Ocean Water Samples: Batch Experiment
In addition to the column experiments, batch experiments were also conducted on AMP-PAN in
order to evaluate the breakpoint for cesium uptake. These experiments were carried out with ocean water
samples collected at Tomioka, Fukushima, Japan (37.335° N, 141.031° E) (Sampled: 2017/06/28) as
described in Chapter 3.1.4. Increasing amounts of stable 133Cs carrier were added to each 1-L sample of
ocean water (25 mg/mL CsCl stock solution: 0-44 mg CsCl addition for AMP-PAN) in addition to the 0.4
µg/L natural cesium concentration in ocean water in order to determine the stoichiometric ratio of cesium
compound to resin. The solution was stirred for one hour. Initial batch experiments were conducted on
both AMP-PAN and KNiFC-PAN resins with samples collected at Tomioka, Fukushima, Japan (37.335° N,
141.031° E) (Sampled: 2014/06/23) as described in Chapter 3.1.4. However, these initial batch
experiments yielded results that were inconsistent with the characterization of the ocean water (Sampled:
2014/06/23; 134Cs: 14.6 ± 1.2 Bq/m3; 137Cs: 45.7 ± 2.4 Bq/m3). Therefore, batch experiments were repeated
with ocean water samples collected on 2017/06/28. Unfortunately, there was not enough KNiFC-PAN
resin available to rerun the batch experiments for the breakpoint for cesium uptake in ocean water
samples.
A 0.5 g amount of AMP-PAN wet resin was directly added to the 1-L ocean water samples. The
solution was stirred for an additional hour. The solution was then filtered using a 5C grade filter paper
(Advantec, Japan). Aliquots of the aqueous samples were diluted with 5 % HNO3 and analyzed for stable
133

Cs using ICP-MS as described in Chapter 3.3.6. After processing, the filter was allowed to dry and the

resins were transferred from the filter paper into polycarbonate counting vials for measurement on HPGe
coaxial well detectors located at the IER as described in Chapter 3.3.3. Table 23 lists the count times for
each 1-L ocean water sample for varying amounts of CsCl added for AMP-PAN resin.
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Table 23: List of Count Times for Cesium Breakpoint Batch Experiments for AMP-PAN

AMP-PAN
Amount of CsCl Added (mg) Count Time (Hours)
0
53.75
4
18.00
8
7.53
16
72.59
24
22.91
32
22.93
44
65.04

9.2.7 Extraction of Cesium in Ocean Water off Japan Coast
Column experiments using AMP-PAN and KNiFC-PAN resins were compared against the
established AMP Methods described in Chapter 2.2.3.3 in order to improve monitoring of radiocesium in
ocean water. Ocean water samples were collected at Tomioka, Fukushima, Japan (37.335° N, 141.031° E)
(Sampled: 2017/06/28) as described in Chapter 3.1.4.

9.2.7.1 AMP Method
The current/improved AMP procedure and the double treatment procedure, both developed by
Aoyama et al., were used to characterize the ocean water samples that were collected at Tomioka,
Fukushima, Japan (37.335° N, 141.031° E) (Sampled: 2017/06/28) for 137Cs. Two 4-L ocean water samples
were used for the AMP procedure and two 4-L ocean water samples were used for the double treatment
procedure. As previously stated, the ocean water samples were acidified to a pH of 1.6. A stable

133

Cs

carrier (0.26 g of CsCl) was added to each 4-L ocean water sample. The solution was subsequently stirred
for one hour. A 4-g amount of AMP powder was added to each 4-L ocean water sample. The solution was
then stirred for an additional hour. The precipitate was allowed to settle for at least 1.5 days. A 50-mL
aliquot of the supernate was collected in order to determine the amount of residual cesium in the
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supernate. Aliquots of the samples were diluted with 5 % HNO3 and analyzed for stable 133Cs using ICP-MS
as described in Chapter 3.3.6. The AMP/Cs compound was filtered onto a 5C filter (Advantec, Japan) and
washed with 1 M HNO3. Two of the filters were dried for 3 weeks at room temperature and then
transferred into polycarbonate counting vials for measurement on HPGe coaxial well detectors located at
the OUL as described in Chapter 3.3.3.
The initial steps of the double treatment procedure were identical to the standard method
described above. However, the two AMP/Cs compounds were then transferred into separate 100 mL
beakers and the filters were washed ten times with ten times diluted saturated NaOH. The solutions were
evaporated to dryness on a hotplate and 5 mL of saturated NaOH was added to completely dissolve the
AMP. Deionized water was added to the solution to reach a total volume of 70 mL and the solutions were
boiled on a hot plate until the volume had been reduced to 30 mL. Deionized water was added again to
reach a total volume of 40 mL. A pH of 8.1 was obtained by adding 2 M HCl to the beakers until the desired
pH was reached as determined by pH paper. The solutions were then heated for 30 min at 30-40 °C. The
solution was cooled and stored overnight in a refrigerator. They were then filtered using a 5C grade filter
paper (Advantec, Japan) and the precipitate was washed with deionized water. A pH of 8.1 was again
obtained by adding 2 M HCl while adjusting the total volume to 70 mL. Chlorplatinic acid (1 g in 5 mL
deionized water) was added to precipitate Cs2Pt(Cl)4, and the solution was stirred for one hour. The
solution was stored overnight in a refrigerator and then filtered using a 5C grade filter paper. The filters
were dried for several days at room temperature and then transferred into polycarbonate counting vials
for measurement on HPGe coaxial well detectors located at the OUL as described in Chapter 3.3.3.
Table 24 lists the count time for each 4-L ocean water sample for the two AMP method samples
and the two double treatment method samples.
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Table 24: List of Count Times for AMP Method and AMP Double Treatment Method

Method
AMP (1)
AMP (2)
AMP Double Treatment (1)
AMP Double Treatment (2)

Count Time (Hours)
95.44
95.44
69.34
70.31

OUL Detector
D
E
W
H

9.2.7.2 AMP-PAN Extraction Chromatography
A column experiment using AMP-PAN resin was performed to determine

137

Cs activity levels in

ocean water collected at Tomioka, Fukushima, Japan (37.335° N, 141.031° E) (Sampled: 2017/06/28). The
ocean water samples were filtered and acidified to pH=1.6 by adding concentrated nitric acid (2 mL
concentrated acid per 1-L ocean water sample). Stable

133

Cs carrier was added to each 20-L sample of

ocean water (25 mg/mL CsCl stock solution: 30 mg CsCl addition for AMP-PAN) in addition to the 0.4 µg/L
natural cesium concentration in ocean water.
Prior to the experiment, all column materials were cleaned with 1 N nitric acid. Columns were
custom made in house from 20-mL Eichrom Chromatography Columns. The resin bed was formed by slurry
packing 5.0 g of wet resin in acidified water (pH=1.6). A second PTFE frit was placed on top of the resin
bed to reduce re-suspension of the resin. An empty 2 mL Eichrom column without the PTFE frit was
inserted on top of the chromatography column to produce a closed system for flow processing. Ocean
water samples were passed through the column at a flow rate of ~10 mL/min and the flow rate was
regulated by a Masterflex L/S pump with variable-speed drive.
The 20-L ocean water sample was passed through the column and the processed sample were
collect into clean containers. An aliquot of the aqueous sample was diluted with 5 % HNO3 and analyzed
for stable 133Cs using ICP-MS as described in Chapter 3.3.6. After the sample was processed, the resin was
dried and transferred from the column to a polycarbonate counting vial for measurement on a HPGe
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coaxial well detector (Detector 8) located at the IER as described in Chapter 3.3.3. The count time was
6.26 hours.
9.2.7.3 KNiFC-PAN Extraction Chromatography
Two column experiments using KNiFC-PAN resin were carried out to determine 137Cs activity levels
in ocean water collected at Tomioka, Fukushima, Japan (37.335° N, 141.031° E) (Sampled: 2017/06/28).
The ocean water samples were filtered and the first sample was acidified to pH=1.6 by adding
concentrated nitric acid (2 mL concentrated acid per 1-L ocean water sample), while the second sample
was not acidified. Stable

133

Cs carrier were added to each 20-L sample of ocean water (25 mg/mL CsCl

stock solution: 40 mg CsCl addition for KNiFC-PAN) in addition to the 0.4 µg/L natural cesium
concentration in ocean water.
Prior to the experiment, all column materials were cleaned with 1 N nitric acid. Columns were
custom made in house from 20-mL Eichrom Chromatography Columns. The first resin bed was formed by
slurry packing 5.0 g of wet resin in acidified water (pH=1.6). The second resin bed was formed by slurry
packing 5.0 g of wet resin in deionized water. A second PTFE frit was placed on top of the resin beds to
reduce re-suspension of the resin. An empty 2 mL Eichrom column without the PTFE frit was inserted on
top of the chromatography columns to produce a closed system for flow processing. Ocean water samples
were passed through the columns at a flow rate of ~10 mL/min and the flow rate was regulated by a
Masterflex L/S pump with variable-speed drive.
The 20-L ocean water samples were passed through the columns and the processed sample were
collect into clean containers. Aliquots of the aqueous samples were diluted with 5 % HNO3 and analyzed
for stable 133Cs using ICP-MS as described in Chapter 3.3.6. After the samples were processed, the resins
were dried and transferred from the columns to polycarbonate counting vials for measurement on a HPGe
coaxial well detector (Detector 8) located at the IER as described in Chapter 3.3.3. The count time was
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7.43 hours for the resin from the first column (acidified ocean water) and 17.34 hours for the resin from
the second column (non-acidified ocean water).

9.3

Results and Discussion

9.3.1 Amount of Cs-137 and K-40 in AMP-PAN and KNiFC-PAN
Two Cesium Resins (Chapter 2.3.8: AMP-PAN and KNiFC-PAN) were assayed using HPGe detectors
in order to determine the initial activities of 137Cs and 40K present in the resins. Samples of AMP-PAN and
KNiFC-PAN were measured on HPGe coaxial well detectors located at the IER. Table 25 provides the
sample weight, 137Cs activity concentration, and 40K activity concentration within both resins. The activity
concentrations of the resins were reported in both mBq/g wet resin and mBq/g dry resin. Both Cesium
resins are stored swollen: also known as “wet” resin. As will be seen in Chapter 9.3.3, the solid content,
or the amount of dry matter, of both AMP-PAN and KNiFC-PAN was determined; therefore, the 137Cs and
40

K specific activity was also reported per g of “dry” resin in this section as well.

Table 25: Cs-137 and K-40 Activity Concentrations in Cesium Resins
137

Resin

Resin Weight
(g) (wet)

Resin Weight
(g) (dry)

AMP-PAN
KNiFC-PAN

2.0164
4.0115

0.4873
0.9085

Cs
(mBq/g
wet resin)
0.53 ± 0.08
0.20 ± 0.02

137

Cs
(mBq/g
dry resin)
2.2 ± 0.3
0.89 ± 0.09

40

K
(mBq/g
wet resin)
6±1
707 ± 6

40

K
(mBq/g
dry resin)
25 ± 5
3120 ± 30

AMP-PAN resin contained slightly higher amount of 137Cs with the activity concentration in AMPPAN and KNiFC-PAN determined to be 2.2 ± 0.3 mBq/ g dry resin and 0.89 ± 0.09 mBq/ g dry resin,
respectively. These initial activity concentrations were from the production process of the Cesium Resins.
This initial amount of 137Cs in these resins needs to be taken into account when measuring radiocesium
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samples on these resins. The activity concentration of 40K in AMP-PAN and KNiFC-PAN was determined to
be 25 ± 5 mBq/ g dry resin and 3120 ± 30 mBq/ g dry resin, respectively. The active component of KNiFCPAN resin is potassium nickel hexacyanoferrate(II); therefore, this resin already contains natural 40K within
the active component resulting in an elevated initial activity of 40K in this resin. This elevated 40K activity
in KNiFC-PAN resin, as seen within the spectrum in Figure 49, results in a prominent Compton edge that
could hinder the measurement of low-activity, lower-energy samples on this resin.
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Figure 49: Gamma Spectrum of AMP-PAN and KNiFC-PAN resins. (Dark Blue line represent the background of the detector.)
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9.3.2 Active Component Composition of AMP-PAN and KNiFC-PAN
The two Cesium Resins examined within this chapter (Chapter 2.3.8) are comprised of the
respective active components ammonium molybdophosphate (AMP) and potassium nickel
hexacyanoferrate(II) (KNiFC). These active components are embedded into an organic polyacrylnitrile
(PAN) matrix. The work in this section determined the amount of active component in these resins
compared relative to the PAN matrix.
A dissolution experiment was conducted with AMP-PAN resin in order to evaluate the amount of
active AMP component that was present in the resin. An amount of AMP-PAN resin was suspended in
sodium hydroxide in order to remove the active AMP from the PAN matrix. The PAN matrix was then
filtered and the amount of PAN matrix was subsequently determined. The difference between the amount
of dry resin and the amount of PAN matrix resulted in the amount of active AMP that is within the resin.
The content of active component within AMP-PAN was determined to be 77 % (% AMP to AMP-PAN dry
resin).
The amount of active KNiFC component that was present in KNiFC-PAN resin was determined
from the initial 40K activity that was measured in the previous Chapter 9.3.2. The 40K specific activity, A, of
KNiFC-PAN resin (3.12 Bq/g dry resin) was used to determine the number of atoms, N, of 40K per g dry
resin using the following equation:
A

N=λ

(7)

where λ is the decay constant (units s-1). The number of atoms, N, of 40K per g dry resin was then used to
determine the gram amount of KNiFC per g of KNiFC-PAN resin by taking into account Avogadro’s
constant, the molecular weight of 40K, the natural abundance of 40K, the molecular weight of K, and the
molecular weight of KNiFC. The content of active component within KNiFC-PAN was determined to be 87
% (% KNiFC to KNiFC-PAN dry resin).
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These values of the active component composition of AMP-PAN and KNiFC-PAN resin differed
slightly from the literature values reported in Chapter 2.3.8. Kamenik et al. stated that the content of
active component was 80 % for both resins.32 The literature values were similar to the 77 % active
component composition that was determined for AMP-PAN resin; however, the 87 % active component
composition that was determined for KNiFC-PAN resin was slightly higher (7 %) than those reported. The
differences in the active component composition could be attributed to different lots of Cesium Resins
being used.

9.3.3 Solid Content of AMP-PAN and KNiFC-PAN
Evaporation experiments were conducted on AMP-PAN and KNiFC-PAN resins in order to evaluate
the solid AMP-PAN or KNiFC-PAN content, or the amount of dry matter, in the respective resins. Amounts
of both resins were dried in order to determine the amount of dry matter within the “wet” resins. The
solid content, or the amount of dry matter, was determined to be 24.16 % and 22.65 % for AMP-PAN and
KNiFC-PAN respectively. These values differed slightly from the literature values reported in Chapter 2.3.8.
Kamenik et al. described that the dry matter content of the resins were 27 ± 1 % and 20 ± 1 % (assuming
a density of 1 g wet resin/ mL of wet resin) for AMP-PAN and KNiFC-PAN, respectively.32 The results in the
Section reported a slightly lower value for the solid content in AMP-PAN resin and a slightly higher value
for the solid content in KNiFC-PAN resin.

9.3.4 Breakpoint for Cesium Uptake in Ocean Water Samples: Column Experiment
Column experiments on AMP-PAN and KNiFC-PAN resins were conducted in order to evaluate the
breakpoint for cesium uptake from ocean water samples collected at Tomioka, Fukushima, Japan
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(Sampled: 2014/06/23; 134Cs: 14.6 ± 1.2 Bq/m3; 137Cs: 45.7 ± 2.4 Bq/m3). Increasing amounts of stable 133Cs
carrier were added to each 1-L sample of ocean water. The water samples were passed through a column
containing 0.5 g wet resin. The amount of cesium chloride left in the ocean water sample, and the amount
of 137Cs extracted by the resin, compared to the amount of cesium chloride added to the sample was used
to determine the capacity of the resins for cesium.
The capacity of AMP-PAN was reported to be 64 mg Cs/g dry resin by Herbst et al, while Pike et
al. found it to be 30 mg Cs/g dry resin.30, 81 In addition, the capacity of AMP-PAN for Cs was calculated to
be 53 mg Cs/g dry resin based upon the amount of active AMP component found within the resin that
could extract Cs based on a 1:1 stoichiometric ratio. Due to the discrepancy between Cs capacity values
reported for AMP-PAN resin, an additional study was carried out to determine the breakpoint for cesium
uptake from ocean water was determined for AMP-PAN.
The amount of CsCl that remained in the ocean water samples compared to the amount of CsCl
added to the sample determined the capacity of AMP-PAN resin for Cs. The stable 133Cs that remained in
the ocean water sample was measured by ICP-MS. The capacity of AMP-PAN resin based on the ICP-MS
results is shown in Figure 50. The Cs breakpoint that was based on the literature (Pike et al.) is shown in
black (5.05 mg CsCl for 0.5 g wet resin), while the Cs breakpoint that was calculated based upon the active
AMP component is shown in gray (8.16 mg CsCl for 0.5 g wet resin). The CsCl capacity of AMP-PAN resin
was determined from the intercept of the linear line with the x-axis. The CsCl capacity of AMP-PAN resin
was determined to be 4.88 ± 0.8 mg CsCl for 0.5 g wet resin, which corresponded to 31.87 ± 5.22 mg Cs/g
dry resin.

136

Literature Breakpoint

Calc. Breakpoint

Column Experiment

50

CsCl in Supernate (mg)

40
30
20
10
0
0

5

10

15

20

25

30

35

40

45

50

-10
-20

CsCl Added (mg)

Figure 50: Column Experiment: ICP-MS results for AMP-PAN cesium breakpoint.

The capacity of AMP-PAN resin for Cs could also be determined by measuring the amount of 137Cs
extracted by the resin from the ocean water samples compared to the amount of CsCl added to the
sample. The 137Cs activity extracted from the ocean water samples were measured by HPGe detectors.
The capacity of AMP-PAN resin based on the HPGe results is shown in Figure 51. The CsCl capacity of AMPPAN resin was determined by extrapolating the curve and using the amount of

137

Cs extracted to

determine how much CsCl remained on the resin:
Cs Breakpoint =

Aresin
∙
Ainitial ∙ % Yieldradiochemical

CsCladded

(8)

The CsCl capacity of AMP-PAN resin was determined to be 10.5 ± 2.5 mg CsCl for 0.5 g wet resin, which
corresponded to 68.6 ± 16.3 mg Cs/g dry resin.
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Figure 51: Column Experiment: HPGe results for AMP-PAN cesium breakpoint.

Table 26 provides a list comparing the literature, calculated, ICP-MS, and HPGe determined Cs
capacity for AMP-PAN. The ICP-MS determined Cs capacity matches very well with the literature capacity
reported by Pike et al. However, the HPGe determined Cs capacity is higher than the calculated capacity,
but still within uncertainty. The cesium capacity matched well between the literature and calculated value.
Also, since the determined cesium capacity is below the calculated value, the results indicated that the
resin did not have a 1:1 stoichiometric ratio between active AMP component and cesium.

Table 26: Column Experiment: Cesium Capacity for AMP-PAN

Resin
AMP-PAN

Literature
(mg Cs/g dry resin)
30

Calculated
(mg Cs/g dry resin)
53
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ICP-MS
(mg Cs/g dry resin)
31.87 ± 5.22

HPGe
(mg Cs/g dry resin)
68.6 ± 16.3

The capacity of KNiFC-PAN was reported to be 256 mg Cs/g dry resin by Kamenik et al and around
120-140 mg Cs/g dry resin by Du et al.82, 84 In addition, the capacity of KNiFC-PAN for Cs was calculated to
be 342 mg Cs/g dry resin based upon the amount of active KNiFC component found within the resin that
could extract Cs based on a 1:1 stoichiometric ratio. Due to the discrepancy between Cs capacity values
for KNiFC-PAN resin, it was decided to perform an additional study to determine the breakpoint for cesium
uptake from ocean water for KNiFC-PAN.
The amount of CsCl that remained in the ocean water samples compared to the amount of CsCl
added to the sample determined the capacity of KNiFC-PAN resin for Cs. The stable 133Cs that remained in
the ocean water sample was measured by ICP-MS. The capacity of KNiFC-PAN resin based on the ICP-MS
results is shown in Figure 52. The Cs breakpoint that was based on the literature (Kamenik et al.) is shown
in black (36.72 mg CsCl for 0.5 g wet resin), while the Cs breakpoint that was calculated based upon the
active KNiFC component is shown in gray (49 mg CsCl for 0.5 g wet resin). The CsCl capacity of KNiFC-PAN
resin was determined from the intercept of the linear line with the x-axis. The CsCl capacity of KNiFC-PAN
resin was determined to be 10.85 ± 2.4 mg CsCl for 0.5 g wet resin, which corresponded to 75.66 ± 16.73
mg Cs/g dry resin.
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Figure 52: Column Experiment: ICP-MS results for KNiFC-PAN cesium breakpoint.

The capacity of KNiFC-PAN resin for Cs could also be determined by measuring the amount of
137

Cs extracted by the resin from the ocean water samples compared to the amount of CsCl added to the

sample. The 137Cs activity extracted from the ocean water samples were measured by HPGe detectors.
The capacity of KNiFC-PAN resin based on the HPGe results is shown in Figure 53. The CsCl capacity of
KNiFC-PAN resin was determined by extrapolating the curve and using the amount of 137Cs extracted to
determine how much CsCl remained on the resin (Equation 8). The CsCl capacity of KNiFC-PAN resin was
determined to be 19 ± 5 mg CsCl for 0.5 g wet resin, which corresponded to 132.5 ± 34.9 mg Cs/g dry
resin.
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Figure 53: Column Experiment: HPGe results for KNiFC-PAN cesium breakpoint.

Table 27 provides a list comparing the literature, calculated, ICP-MS, and HPGe determined Cs
capacity for KNiFC-PAN. The ICP-MS and the HPGe determined Cs capacity was significantly lower than
the reported literature and calculated value, which is concerning when stable 133Cs is added to aqueous
samples as a carrier. Experiments, which based their stable 133Cs carrier addition on the literature value,
could potentially over capacitate the resin. However, the HPGe determined Cs capacity was close to those
reported by Du et al. which was around 140 mg Cs/g dry resin. Also, since the determined cesium capacity
is below the calculated value, the results indicated that the resin did not have a 1:1 stoichiometric ratio
between active KNiFC component and cesium.

Table 27: Column Experiment: Cesium Capacity for KNiFC-PAN

Resin
KNiFC-PAN

Literature
(mg Cs/g dry resin)
256

Calculated
(mg Cs/g dry resin)
342
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ICP-MS
(mg Cs/g dry resin)
75.66 ± 16.73

HPGe
(mg Cs/g dry resin)
132.5 ± 34.9

The significant differences in the Cs capacity values between these experiments and the literature
could be attributed to the different methods that were used to determine the breakpoint of cesium. For
example, Kamenik et al. and Du et al. calculated the capacity based on dynamic column breakthrough
curves. Kamenik et al. used ~1 g of KNiFC-PAN resin and a cesium solution (0.025 M
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Cs) that was

comprised of a model saline solution (MSS) that contained sodium chloride (4 M) and potassium chloride
(0.05 M) 84 , while Du et el. used 0.5 g of KNiFC-PAN resin and a cesium solution (20 mg/L) that was acidified
to pH 6.32.82
As previously mentioned in Chapter 2.3.8.2, the active KNiFC component is a face-centered cubic
lattice with C-N groups found along lines connecting Ni2+ to Fe2+ neighbors. The active component
exchanges cesium ions for the potassium ions within the lattice structure of KNiFC.83 Therefore, when an
aqueous solution containing metal ions, such as ocean water, comes into contact with the KNiFC-PAN
resin, the cesium and other ions, such as sodium, are exchanged with the potassium ions. The exchange
of potassium ions can be seen in the column experiment breakpoint studies from the decrease in 40K
activity measured by HPGe. Table 28 provides the factors that the 40K activity decreased by for each
amount of stable CsCl carrier that was added to the ocean water samples. The 40K activity decreased by
an average factor of ~3, with the amount of potassium ions being exchanged increasing with increasing
amounts of CsCl addition.
Additionally, the composition of the aqueous solution has a strong impact on the capacity of the
resin for cesium. Du et al., as previously mentioned in Chapter 2.3.8.2, has shown that the affinity of
KNiFC-PAN resin for cesium increases when sodium ions are introduced to the system.82 This trend could
help explain why Kamenik et al. reported such a high cesium capacity, since their aqueous solution was
comprised of a 4 M sodium chloride MSS, that could have increased the retention of cesium on the KNiFCPAN during the dynamic column breakthrough experiment.84 The ocean water aqueous solution that was
used in this research contained a variety of metal ions, including sodium (0.5 M). However, the slight
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increased retention of cesium on KNiFC-PAN due to sodium ions could be negated or overpowered by
other metal ions, such as calcium, that decreases the retention of cesium on the resin.

Table 28: Potassium-40 Activity Factors (Initial/Final Activity)

Amount
CsCl Added
(mg)
0
120
140
160
180
200
220

Measured Activity
(mBq)

Initial Activity
(mBq)

Factor Lost
(Initial/Final)

130.58
136.93
125.96
102.99
108.54
95.89
112.50

356.49
354.79
355.14
353.73
355.21
354.08
355.64

2.73
2.59
2.82
3.43
3.27
3.69
3.16

9.3.5 Breakpoint for Cesium Uptake in Ocean Water Samples: Batch Experiment
Batch experiments on AMP-PAN were conducted in order to evaluate the breakpoint for cesium
uptake from ocean water samples collected at Tomioka, Fukushima, Japan (Sampled: 2017/06/28; 134Cs:
1.8 ± 0.2 Bq/m3; 137Cs: 14.4 ± 0.8 Bq/m3). Varying amounts of stable 133Cs carrier were added to each 1-L
sample of ocean water. A 0.5 g of wet resin was directly added to the water samples. The amount of
cesium chloride left in the ocean water sample, or the amount of 137Cs extracted by the resin, compared
to the amount of cesium chloride added to the sample determined the capacity of the resins for cesium.
As previously mentioned, initial batch experiments on both AMP-PAN and KNiFC-PAN resins were
conducted with samples collected at Tomioka, Fukushima, Japan (37.335° N, 141.031° E) (Sampled:
2014/06/23) as described in Chapter 3.1.4. However, these initial batch experiments yielded results that
were inconsistent with the characterization of the ocean water (Sampled: 2014/06/23; 134Cs: 14.6 ± 1.2
Bq/m3; 137Cs: 45.7 ± 2.4 Bq/m3). Therefore, batch experiments were redone with the ocean water samples
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sampled 2017/06/28. Unfortunately, there was not enough KNiFC-PAN resin to rerun the batch
experiments for the breakpoint for cesium uptake in ocean water samples.
As previously mentioned in Chapter 9.3.4, the capacity of AMP-PAN was reported to be 30 mg
Cs/g dry resin by Pike et al. and calculated to be 53 mg Cs/g dry resin. The capacity of AMP-PAN was
determined to be 31.87 mg Cs/g dry resin by the ICP-MS results of the Column Experiment in Chapter
9.3.4. In order to ensure that the capacity of AMP-PAN was not hindered by a column setup (flow paths,
flow rate, etc.), the breakpoint for cesium uptake from ocean water was determine by batch experiments.
The amount of CsCl that remained in the ocean water samples compared to the amount of CsCl
added to the sample determined the capacity of AMP-PAN resin for Cs. The stable 133Cs that remained in
the ocean water sample was measured by ICP-MS. The capacity of AMP-PAN resin based on the ICP-MS
results is shown in Figure 54. Again, the Cs breakpoint that was based on the literature (Pike et al.) is
shown in black (5.05 mg CsCl for 0.5 g wet resin), while the Cs breakpoint that was calculated based upon
the active AMP component is shown in gray (8.16 mg CsCl for 0.5 g wet resin). The CsCl capacity of AMPPAN resin was determined from the intercept of the linear line with the x-axis. The CsCl capacity of AMPPAN resin was determined to be 3.94 ± 0.2 mg CsCl for 0.5 g wet resin, which corresponded to 25.72 ±
1.3mg Cs/g dry resin.
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Figure 54: Batch Experiment: ICP-MS results for AMP-PAN cesium breakpoint.

The capacity of AMP-PAN resin for Cs could also be determined by measuring the amount of 137Cs
extracted by the resin from the ocean water samples compared to the amount of CsCl added to the
sample. The 137Cs activity extracted from the ocean water samples were measured by HPGe detectors.
The capacity of AMP-PAN resin based on the HPGe results is shown in Figure 55. The CsCl capacity of AMPPAN resin was determined by extrapolating the curve and using the amount of

137

Cs extracted to

determine how much CsCl remained on the resin (Equation 8). The CsCl capacity of AMP-PAN resin was
determined to be 7.12 ± 1.5 mg CsCl for 0.5 g wet resin, which corresponded to 46.52 ± 7.5 mg Cs/g dry
resin.
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Figure 55: Batch Experiment: HPGe results for AMP-PAN cesium breakpoint.

Table 29 provides a list comparing the literature, calculated, ICP-MS, and HPGe determined Cs
capacity for AMP-PAN. The ICP-MS determined Cs capacity matched very well with the literature capacity
reported by Pike et al. The HPGe determined Cs capacity also matched between the literature and
calculated values. Additionally, since the determined cesium capacity is below the calculated value, the
results again indicated that the resin did not have a 1:1 stoichiometric ratio between active AMP
component and cesium. The Cs capacity results from the Batch experiment were lower compared to the
results for the column experiment. Results were expected to have the opposite trend if the column setup
hindered the adsorption properties of the resin. Therefore, these results indicated the column
setup/technique did not hinder the adsorption properties of the AMP-PAN resin and that the Cs capacity
of the resin matched with that reported in the literature.
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Table 29: Batch Experiment: Cesium Capacity for AMP-PAN

Resin
AMP-PAN

Literature
(mg Cs/g dry resin)
30

Calculated
(mg Cs/g dry resin)
53

ICP-MS
(mg Cs/g dry resin)
25.72 ± 1.3

HPGe
(mg Cs/g dry resin)
46.52 ± 7.5

9.3.6 Extraction of cesium in Ocean Water off Japan Coast
Column experiments using AMP-PAN and KNiFC-PAN resins were compared against the
established AMP Methods described in Chapter 2.2.3.3 in order to improve monitoring of radiocesium in
ocean water.
9.3.6.1 AMP Method
The current/improved AMP procedure and the AMP double treatment procedure, both
developed by Aoyama et al., were used to characterize the ocean water samples that were collected at
Tomioka, Fukushima, Japan. Two 4-L ocean water samples were examined for the AMP procedure and
two 4-L ocean water samples were also analyzed for the AMP double treatment procedure.
All four 4-L ocean water samples underwent the current/improved AMP procedure to begin with.
The ocean water samples were acidified and a stable 133Cs carrier (0.26 g of CsCl, which was 75% of the
breakpoint for 4 g of AMP) was added to each sample. The AMP compound (4 g) was then stirred into
each sample and the AMP/Cs compound was allowed to settle for at least 1.5 days. An aliquot of the
supernate was collected in order to determine the amount of the residual cesium in the supernate. The
current/improved AMP procedure had relatively high Cs yields of ~90 %. The AMP/Cs compound were
then filtered and dried for 3 weeks. Two of the AMP/Cs compound samples were transferred into counting
vials for measurement on HPGe coaxial well detectors located at the OUL.
The AMP compound itself adsorbs trace amounts of natural potassium from the ocean water,
which results in an elevation of radiation background during measurement due to the Compton scattering
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of 1420 keV γ-rays from 40K (0.0118% nat. abundance). Therefore, the two remaining AMP/Cs compound
samples then underwent the AMP double treatment procedure as described in Chapter 9.2.7.1. The
resulting Cs2Pt(Cl)6 precipitates from the two samples were measured on HPGe coaxial well detectors
located at the OUL.
Table 30 provides a list of the specific activities for

137

Cs in the four 4-L ocean water samples

treated with either the current/improved AMP procedure or the AMP double treatment procedure. Error
included one sigma of counting error plus the uncertainty of the calibration standard. Both methods
provided

137

Cs activities that were statistically similar to one another with an average activity of 14.75

Bq/m3. These activity levels matched those levels monitored at Tomioka as described in the introduction
of this chapter (Chapter 9.1). As previously mentioned, the time constraints of the current/improved AMP
procedure are a problem when applying these techniques to emergency response situations. The time it
takes for the AMP/Cs compound to settle (days), the amount of time required for the AMP/Cs compound
to dry after filtration (weeks), and the amount of time needed to perform the AMP double treatment
procedure (days) is not ideal for rapid analysis of radiocesium in ocean water.

Table 30: AMP Method: Cs-137 Activity in Ocean Water Sampled at Tomioka, Fukushima, Japan (Sampled: 2017/06/28)

137

Cs (Bq/m3)

Method

Matrix

Sample Volume (L)

AMP

Acidified Ocean Water (pH 1.6)

4

14.4 ± 0.8

AMP

Acidified Ocean Water (pH 1.6)

4

15.1 ± 0.8

AMP (Double Treatment)

Acidified Ocean Water (pH 1.6)

4

14.6 ± 0.8

AMP (Double Treatment)

Acidified Ocean Water (pH 1.6)

4

14.6 ± 0.8
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9.3.6.2 AMP-PAN Extraction Chromatography
One of the Cesium resins produced by Triskem International is AMP-PAN resin, which imbeds the
AMP active component into an organic polyacrylnitrile (PAN) matrix. The organic matrix allows for the
AMP compound, which has an otherwise unfavorable microcrystalline structure, to be used in column
applications that are required for in-field treatment.
A column experiment using AMP-PAN resin was used to determine 137Cs activity levels in ocean
water collected at Tomioka, Fukushima, Japan. The 20-L ocean water sample was acidified and a stable
133

Cs carrier (30 mg of CsCl, which was ~75% of the breakpoint for 5 g of wet AMP-PAN resin as determined

in Chapters 9.3.4 and 9.3.5) was added to sample. The 20-L solution was pumped through a column
containing 5.0 g of wet resin. An aliquot of the supernate was collected in order to determine the amount
of the residual cesium in the supernate. The AMP-PAN column method had a relatively high Cs yields of
~99 %. The resin was removed from the column after processing and was dried/transferred into a counting
vial for measurement on HPGe coaxial well detector located at the IER.
Table 31 provides the specific activity for 137Cs in the 20-L ocean water sample determined by the
AMP-PAN column method. Error included one sigma of counting error. The 137Cs activity determined by
the AMP-PAN column method was 15.9 ± 0.4 Bq/m3, which was slightly higher than the activity
determined by the current/improved AMP method and AMP double treatment method, but still
statistically similar to those results. The AMP-PAN column method, not only matches the results from the
AMP method, but also can be used in-field. The only time constraint for this method is the time required
for the ocean water to be pumped through the column and the amount of time required to dry the resin
for measurement by gamma spectroscopy.
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Table 31: AMP-PAN Method: Cs-137 Activity in Ocean Water Sampled at Tomioka, Fukushima, Japan (Sampled: 2017/06/28)

Method

Matrix

Sample Volume (L)

AMP-PAN

Acidified Ocean Water (pH 1.6)

20

137

Cs (Bq/m3)

15.9 ± 0.4

As previously mentioned in Chapter 2.2.2.3, AMP powder also adsorbs trace amounts of natural
potassium from the ocean water during the AMP method, which results in an elevation of radiation
background during measurement due to the Compton scattering of 1420 keV γ-rays from 40K (0.0118%
nat. abundance).28 AMP-PAN resin also adsorbs trace amounts of natural potassium, resulting in an
elevation of radiation background due to the 40K. Figure 56 shows the gamma spectrum of the AMP-PAN
resin initially (count time: 96 hours) and the AMP-PAN resin after contact with 20 L of ocean water (count
time: 6.3 hours). The 40K increased by a factor of ~16 after contacting the AMP-PAN resin with ocean
water.
1
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Figure 56: Gamma Spectrum of AMP-PAN resin and AMP-PAN after contact with 20 L of ocean water. (Dark Blue line represent
the background of the detector.)
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9.3.6.3 KNiFC-PAN Extraction Chromatography
The second Cesium resin that is produced by Triskem International is KNiFC-PAN resin, which
imbeds the KNiFC active component into an organic polyacrylnitrile (PAN) matrix. The organic matrix
improves the unsuitable granulometric and mechanical properties of the active component. The resin can
be used in column applications and the advantage of using KNiFC-PAN resin in-field is that the ocean water
does not have to be acidified for the cesium to adsorb to the resin.
Two column experiments using KNiFC-PAN were carried out to determine 137Cs activity levels in
ocean water collected at Tomioka, Fukushima, Japan. One of the 20-L ocean water sample was acidified
and the second 20-L ocean water sample was un-acidified. A stable 133Cs carrier was added to each of the
samples. Only 40 mg of CsCl was added as the carrier, which corresponded to only ~50 % of the
determined breakpoint from Chapter 9.3.4 and only ~15 % of the literature breakpoint for 5 g of wet
KNiFC-PAN resin. The amount of carrier was kept low in order to not over capacitate the column. The 20L solutions were pumped through columns containing 5.0 g of wet resin. Aliquots of the supernate were
collected in order to determine the amount of the residual cesium in the supernate. The KNiFC-PAN
column method also had relatively high Cs yields of ~99 %. The resins were removed from the column
after processing and were dried/transferred into a counting vial for measurement on HPGe coaxial well
detector located at the IER.
Table 32 provides the specific activities for 137Cs in the 20-L ocean water samples determined by
the KNiFC-PAN column method. Error included one sigma of counting error. The

137

Cs activities

determined for both samples processed with the KNiFC-PAN column method were statistically similar to
the activity determined by the current/improved AMP method and AMP double treatment method. The
KNiFC-PAN column method that processed the un-acidified ocean water sample matched more closely to
the standard AMP method. The KNiFC-PAN column method, not only matched the results from the AMP
method, but it also can be used in-field. As mentioned previously, the only time constraint for these
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methods is the time required for the ocean water to be pumped through the column and the amount of
time required to dry the resin for measurement by gamma spectroscopy. Additionally, the KNiFC-PAN
column method does not require the ocean water sample to be acidified, which reduces the amount of
chemicals required and the amount of waste generated during these methods. Also, the elevated

40

K

activity in KNiFC-PAN resin did not significantly hinder the measurement of the samples.

Table 32: KNiFC-PAN Method: Cs-137 Activity in Ocean Water Sampled at Tomioka, Fukushima, Japan (Sampled: 2017/06/28)
137

Cs (Bq/m3)

Method

Matrix

Sample Volume (L)

KNiFC-PAN

Acidified Ocean Water (pH 1.6)

20

13.4 ± 0.4

KNiFC-PAN

Ocean Water

20

14.3 ± 0.2

As previously mentioned in Chapter 9.3.4, the exchange of potassium ions on the KNiFC-PAN resin
can be seen by the decrease in 40K activity measured by HPGe. Figure 57 shows the gamma spectrum of
the KNiFC-PAN resin initially (count time: 263 hours) and the KNiFC-PAN resin after contact with 20 L of
acidified ocean water (count time: 7.4 hours). The 40K decreased by a factor of 3.7 and 4.2, respectively,
after contacting the KNiFC-PAN resin with acidified ocean water and un-acidified ocean water,
respectively. This trend matched results reported by Kamenik et al., in which the 40K activity decreased by
a factor of 3.5 after 100 L of ocean water was passed through a KNiFC-PAN resin column (25 mL resin
bed).32
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Figure 57: Gamma Spectrum of KNiFC-PAN resin and KNiFC-PAN after contact with 20 L of ocean water. (Dark Blue line
represent the background of the detector.)

9.4

Conclusion
The work described in this chapter first characterized the AMP-PAN and KNiFC-PAN resins for their

solid and active component content as well as their break point for cesium uptake, and second compared
extraction methods that utilized the AMP-PAN and KNiFC-PAN resins against the standard improved AMP
procedure and AMP double treatment procedure for the determination of radiocesium in ocean water.
Table 33 lists the solid and active component as well as the initial 137Cs and 40K activities within
the two Cesium resins. Both resins are sold and stored swollen; therefore, only 24.16 % and 22.65 % of
the “wet” AMP-PAN and KNiFC-PAN resins, respectively, are the actual resin. The amount of the active
component (either AMP or KNiFC) was determined to be 77 % and 87 % for AMP-PAN and KNiFC-PAN,
respectively. The initial activities of 137Cs and 40K in both Cesium resins were also determined. The KNiFC-
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PAN resin had an elevated 40K activity due to its active component, resulting in a prominent Compton edge
that could hinder the measurement of low-activity samples on this resin.

Table 33: Summary of the Characterization of Cesium Resins
137

Resin

% Solid Component

% Active Component

AMP-PAN
KNiFC-PAN

24.16
22.65

77.38
87.27

Cs
(mBq/g dry resin)
2.2 ± 0.3
0.89 ± 0.09

40

K
(mBq/g dry resin)
25 ± 5
3120 ± 30

Part of this work also examined the breakpoint for cesium uptake on the Cesium resins from ocean
water samples collected at Tomioka, Fukushima, Japan. The capacity was determined by column
experiments and batch experiments. Increasing amounts of stable 133Cs carrier were added to ocean water
samples, which were then brought into contact with the resins. The amount of cesium chloride left in the
ocean water sample (measured by ICP-MS), or the amount of 137Cs extracted by the resin (measured by
HPGe), compared to the amount of cesium chloride added to the sample determined the capacity of the
resins for cesium. The capacity for AMP-PAN (31.87 mg Cs/g dry resin determined by ICP-MS) matched
the capacity reported in the literature. However, the capacity for KNiFC-PAN (75.66 mg Cs/g dry resin
determined by ICP-MS) was significantly lower than the capacity reported in the literature. Additionally,
the determined cesium capacity for both resins were below the calculated capacity value indicating that
the resins did not have a 1:1 stoichiometric ratio between active component and cesium.
The second part of this work second compared extraction methods that utilized the AMP-PAN and
KNiFC-PAN resins against the standard improved AMP procedure and AMP double treatment procedure
for the determination of radiocesium in ocean water. Table 34 provides the 137Cs activities determined by
either the AMP method, AMP double treatment method, AMP-PAN column method, KNiFC-PAN column
method for acidified ocean water, and KNiFC-PAN column method for un-acidified ocean water. The 137Cs
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activity in the ocean water sampled 2017/06/28 matched those levels monitored at Tomioka, as described
in the Introduction of this Chapter (Chapter 9.1), by all five methods examined. The AMP-PAN column
method and both KNiFC-PAN column methods matched the results determined from the AMP method as
well as the AMP double treatment method. Therefore, these column methods are quite suitable for
monitoring in-field for the separation and determination of cesium from ocean water. Additionally, the
KNiFC-PAN column method is exceptionally suitable for emergency response monitoring since the ocean
water does not have to be acidified for cesium to be adsorbed to the resin.

Table 34: Cs-137 Activity in Ocean Water Sampled at Tomioka, Fukushima, Japan (Sampled: 2017/06/28)

137

Cs (Bq/m3)

Method

Matrix

Sample Volume (L)

AMP

Acidified Ocean Water (pH 1.6)

4

14.4 ± 0.8

AMP

Acidified Ocean Water (pH 1.6)

4

15.1 ± 0.8

AMP (Double Treatment)

Acidified Ocean Water (pH 1.6)

4

14.6 ± 0.8

AMP (Double Treatment)

Acidified Ocean Water (pH 1.6)

4

14.6 ± 0.8

AMP-PAN

Acidified Ocean Water (pH 1.6)

20

15.9 ± 0.4

KNiFC-PAN

Acidified Ocean Water (pH 1.6)

20

13.4 ± 0.4

KNiFC-PAN

Ocean Water

20

14.3 ± 0.2
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CHAPTER 10: COMPARISON OF ANALYTICAL PROCEDURES FOR THE MEASUREMENT OF RADIONUCLIDES
IN OCEAN WATER
10.1 Introduction
The work described in Chapters 4 and 5 examined the sodium and calcium interferences on
americium and plutonium adsorption on six extraction chromatographic resins from either nitric acid or
hydrochloric acid, while the work described in Chapter 6 examined the effect of ocean water matrix on
their adsorption. These chapters provided information on which extraction chromatographic resins were
better suited to be used within new techniques/procedures for the rapid determination of radionuclides
in ocean water that eliminate any of the pre-concentration/co-precipitation steps that are commonly used
to reduce the amount of matrix constituents in the aqueous sample. One resin that showed promise for
being used within a new technique was TRU resin. Neither sodium nor calcium, at any salt concentration,
caused any significant interference with the uptake of either americium or plutonium on TRU resin from
nitric acid as well as hydrochloric acid. Additionally, there was no significant interference from the
presence of an oceanic water matrix on either americium or plutonium adsorption on TRU resin from both
acid systems. Aside from showing no affinity for the major constituents in ocean water, TRU resin has an
affinity for both tetra-valent and tri-valent actinide elements in nitric acid systems. Pu(IV) is strongly
retained in 3 M HNO3 with k’ values >103, while Am(III) is also retained in 3 M HNO3 with k’ values > 102.
Therefore, both plutonium and americium could potentially be loaded onto TRU resin without any
interference from ocean water. Additionally, Am(III) is not significantly retained by TRU resin in
hydrochloric acid systems with k’ values ≈1. Therefore, Am(III) can be very easily eluted off TRU resin with
hydrochloric acid. Plutonium is also weakly retained on TRU resin in hydrochloric acid systems with k’
values ≈10, indicating the Pu(IV) could also be easily eluted off the resin.
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The work described in this chapter focuses on comparing two analytical procedures for the
measurement of radionuclides in ocean water that utilize TRU resin. The ocean water examined in this
chapter was sampled near the Fukushima Daiichi Nuclear Power Plant. The first analytical procedure is a
method that is currently used for the determination of americium, plutonium, and uranium in water. This
procedure has been optimized/published by Eichrom Technologies as one of their standard methods
(Method No: ACW03). This method utilizes a stacked tandem column with UTEVA resin and TRU resin for
the separation of uranium on UTEVA resin and the subsequent separation of americium and plutonium
on TRU resin. This method also utilizes a calcium phosphate co-precipitation step prior to separation in
order to reduce the amount of matrix constituents within the aqueous solution and its volume. The
actinide elements are brought down/concentrated within the calcium phosphate precipitate. The second
analytical procedure is a new proposed method, subsequently called “Direct Addition Method”, which
follows the Eichrom approach but eliminates the co-precipitation step and directly adds the ocean water
aqueous sample to the pre-conditioned tandem column of UTEVA resin and TRU resin. The matrix
constituents found within ocean water should not interfere with the adsorption of either americium or
plutonium on the TRU column. Comparing these two methods provides an insight into the effectiveness
of more direct methods that remove any pre-concentration steps. This would ultimately reduce analysis
time, the waste generated, and the number of steps required within the procedure.

10.2 Experimental Design
10.2.1 Materials
Ultrapure water (18 MΩ cm-1) (MilliQ 50, Millipore, Bedford, MA) was used for the preparation of
all solutions. All reagents were analytical grade and used as received without further purification. Reagent
solutions were prepared from Al(NO3)3·9H2O (Sigma-Aldrich, >98%), (NH4)2HPO4 (Sigma-Aldrich, >98%),
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NH4OH (Sigma-Aldrich, 28 % NH3), (NH4)2C2O4·H2O (J.T. Baker Chemicals, >99%), NH4SCN (Sigma-Aldrich,
>97.5%), C6H8O6 (Sigma-Aldrich, >99%), CaNO3·4H2O (Sigma-Aldrich, >99%), Fe(NO3)3·9H2O (SigmaAldrich, >98%), HF (Sigma-Aldrich, >48%), C3H7OH (Sigma-Aldrich, >99%), H2C2O4·2H2O (Sigma-Aldrich,
>99%), Phenolphthalein pH indicator (Sigma-Aldrich), NaNO2 (Sigma-Aldrich, >97%), H3NSO3 (SigmaAldrich, >99%), C2H6O (AAPER, 200 proof), and Ce(NO3)3·6H2O (Sigma-Aldrich, >99%).
All resin cartridges were used as received without further purification from Eichrom Technologies
Inc. (Lisle, IL): UTEVA cartridge (50-100 µm; TR-R50-S; Lot # TRSR7B), TRU cartridge (50-100 µm; UT-R50S; Lot # UTSR13B). Tracer solutions of 7.6 ± 0.2 Bq/mL 242Pu and 13.6 ± 0.2 Bq/mL 243Am were prepared as
described in Chapter 3.1.2.

10.2.2 Eichrom Procedure
The methods detailed in this Section are modified from Method No: ACW03 (2014) by Eichrom
Technologies entitled: Americium, Plutonium, and Uranium in Water.22

10.2.2.1

Water Sample Preparation: Calcium Phosphate Precipitation

Ocean water was sampled near the Fukushima Daiichi Nuclear Power Plant (37.40561° N,
141.03363° E) (Sampled: 2014/03/19) as described in Chapter 3.1.4. The water samples were filtered using
a 0.45 µm membrane filter. The filtered ocean water sample (200 mL) was transferred into a 1000 mL
glass beaker. The pH of the solution was tested using pH paper and 0.6 mL of concentrated HNO3 per 100
mL of sample solution was added until the solution reach pH ≈ 2. A 0.5 mL aliquot of 242Pu (7.6 Bq/mL)
and a 0.2 mL aliquot of

243

Am (13.6 Bq/mL) tracer solutions were added to the water sample and the

solution was stirred using a Teflon stir rod. A 1.0 mL aliquot of 1.25 M Ca(NO3)2 solution was added to the
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aqueous sample. The beaker was covered with a watch glass and heated on a hot plate at medium for 60
minutes. Afterwards, the heat was turned down and the watch glass was taken off the beaker. A few (23) drops of phenolphthalein indicator (dissolved in diluted isopropyl alcohol) and 1.0 mL of 3.2 M
(NH4)2HPO4 solution was added to the sample solution. Concentrated NH4OH was added drop wise to the
sample solution until the phenolphthalein indicator changed the color of the solution to pink; at this point
Ca3(PO4)2 precipitated out of solution. The sample solution was stirred with a Teflon stir rod for several
minutes and heated for an additional 30 minutes. The precipitate was then allowed to settle for ~2 hours.
The sample solution (including the precipitate) was transferred into a 250 mL centrifuge tube and the
beaker was washed with 50 mL of DI water, which was then also added to the centrifuge tube. The
precipitate was centrifuged for 10 minutes at 2000 RPM on an Eppendorf 5810R Centrifuge. The
supernatant solution was decanted and the precipitate was washed with 5 mL of DI water. The centrifuge
tube was shaken to ensure that the precipitate properly mixed with the water. The precipitate was then
centrifuged for another 10 minutes at 2000 RPM. The supernatant solution was decanted and the
precipitate was washed again and shaken with 5 mL of DI water. The precipitate was again centrifuged for
10 minutes at 2000 RPM. The precipitate was then dissolved in 5 mL of concentrated HNO3. The resulting
solution was transferred to a 150 mL glass beaker and the centrifuge tube was rinsed with 3 mL of
concentrated HNO3, which was then transferred to the beaker. The solution was evaporated to dryness
on a hot plate.
The resulting residue in the beaker was dissolved with 10 mL of a 3 M HNO3–1.0 M Al(NO3)3
solution. A 1.0 mL aliquot of 1.5 M H3NSO3 (sulfamic acid) and 0.5 mL of Fe(NO3)3 (5 mg Fe/ mL) solution
were added to the solution, which reduced Pu(IV) to Pu(III). A drop of 1 M NH4SCN indicator was added
to the solution; the solution immediately turned deep red due to the presence of Fe(III). A 1.0 mL aliquot
of1 M C6H8O6 (ascorbic acid) was added/swirled into the solution. The solution sat undisturbed for 2
minutes. Additional ascorbic acid was added drop wise until the red color of the solution disappeared.
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10.2.2.2

Extraction Chromatography Separation

Cartridges of UTEVA and TRU resin were set up stacked on top of each other on a vacuum box
system. The TRU cartridge was attached to the inner white tip, while the UTEVA cartridge was luer locked
to the top end of the TRU cartridge. An empty 20 mL Eichrom reservoir was attached to the top end of
the UTEVA cartridge. A 5.0 mL aliquot of 3 M HNO3 was added to the reservoir to precondition the UTEVA
and TRU cartridges. The vacuum pressure was adjusted to achieve a flow-rate of 1.0 mL/min.
The solution resulting from Chapter 10.2.2.1 was transferred into the reservoir and the solution
was allowed to pass through both cartridges at a flow rate of 1.0 mL/min. The 150 mL glass beaker was
rinsed with 5 mL of 3 M HNO3 and the rinse was transferred into the reservoir. An additional 5 mL of 3 M
HNO3 was added to the reservoir, and the flow rate was adjusted to 3 mL/min. The eluate was discarded
and the UTEVA cartridge was separated from the TRU cartridge. The UTEVA cartridge was also discarded
and a new reservoir was attached to the top end of the TRU cartridge.
A 5.0 mL aliquot of 3 M HNO3 was added to the reservoir and allowed to drain at a flow rate of
1.0 mL/min. A 5 mL aliquot of 2 M HNO3-0.1 M NaNO2 solution was then directly added to the reservoir
and allowed to drain, which oxidized Pu(III) to Pu(IV). The reservoir, but not the cartridge, was rinsed with
DI water to remove any excess 2 M HNO3-0.1 M NaNO2 solution. The load and rinse solutions were
discarded and a clean 50 mL centrifuge tube was placed into the tube rack of the vacuum box system. A
15 mL aliquot of 4 M HCl was added to the reservoir to elute americium. The solution was allowed to drain
at a flow rate of 1 mL/min and the solution was set aside for cerium fluoride precipitation. The cartridge
was rinsed with 25 mL of 4 M HCl-0.1 M HF, which removed any residual thorium present. The eluate was
discarded and a clean 50 mL centrifuge tube was placed into the tube rack of the vacuum box system. A
10 mL aliquot of 0.1 M NH4HC2O4 (ammonium bioxalate) solution was added to the reservoir to elute
plutonium. The solution was allowed to drain at a flow rate of 1 mL/min and the solution was set aside
for cerium fluoride precipitation. The TRU cartridge was then discarded.
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10.2.2.3

Cerium Fluoride Microprecipitation

A 0.1 mL aliquot of a cerium carrier (0.155 g Ce(NO3)3·6H2O/100 mL) was each added to the
americium and plutonium solution from Chapter 10.2.2.2. A 1.0 mL aliquot of concentrated HF was then
added to each centrifuge tube. The tube was swirled carefully to mix the solutions and the solutions were
allowed to sit for 30 minutes. An Eichrom 0.1 micron 22 mm polypropylene filter was placed on a Gelman
filter apparatus (50 mL polysulfone funnel and 250 mL polypropylene Erlenmeyer flask). A 3-5 mL aliquot
of ethanol (80 % v/v) was added to the filters. Vacuum was applied to the system and 2-3 mL of water was
added to the filters. The sample solutions were filtered and the 50 mL centrifuge tubes were rinsed with
5 mL of DI water, which were then transferred into the filter apparatus as well. The filters were
subsequently washed with 3-5 mL of ethanol (80% v/v). The filters were removed and placed inside
individual plastic Petri dishes to dry under a heat lamp for a few minutes. The filters were mounted on
individual stainless-steel planchets and counted by alpha spectrometry as described in Chapter 3.3.4.
Error included one sigma of counting error.

10.2.3 Direct Addition Procedure
10.2.3.1

Water Sample Preparation

Ocean water was sampled near the Fukushima Daiichi Nuclear Power Plant (37.40561° N,
141.03363° E) (Sampled: 2014/03/19) as described in Chapter 3.1.4. The water samples were filtered using
a 0.45 µm membrane filter. The filtered ocean water sample (200 mL) was transferred into a 1000 mL
glass beaker. The sample solution was acidified with concentrated HNO3 to achieve a final concentration
of 3 M (addition of 47 mL of concentrated HNO3) and Al(NO3)3·9H2O was added to achieve a final solution
concentration of 1 M (addition of 92.657 g Al(NO3)3·9H2O). This sample solution matrix matched the
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composition of the Eichrom Procedure loading solution in Chapter 10.2.2.1. A 0.5 mL aliquot of 242Pu (7.6
Bq/mL) and a 0.2 mL aliquot 243Am (13.6 Bq/mL) tracer solutions were added to the water sample and the
solution was stirred using a Teflon stir rod.
A 2.0 mL aliquot of 1.5 M H3NSO3 (sulfamic acid) and 1.0 mL of Fe(NO3)3 (5 mg Fe/ mL) solution
was added to the solution, which reduced Pu(IV) to Pu(III). A few drops of 1 M NH4SCN indicator was
added to the solution; the solution turned deep red due to the presence of Fe(III). A 2.0 mL aliquot of1 M
C6H8O6 (ascorbic acid) was added/swirled into the solution. The solution sat undisturbed for 2 minutes.
Additional ascorbic acid was added drop wise until the red color of the solution disappeared.

10.2.3.2

Extraction Chromatography Separation

The extraction chromatography separation was performed exactly in the same manner as the
Eichrom Procedure detailed in Chapter 10.2.2.2, with the exception that the flow rate was adjusted to 3.0
mL/min when loading the sample solution from Chapter 10.2.3.1 (~250 mL) onto the tandem UTEVA and
TRU cartridge.

10.2.3.3

Cerium Fluoride Microprecipitation

The cerium fluoride microprecipitation was performed exactly the same way as the Eichrom
Procedure detailed in Chapter 10.2.2.3.

10.3 Results and Discussion
The research in this chapter focused on comparing two analytical procedures for the
measurement of americium and plutonium in Fukushima water samples that were taken directly south of
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the Fukushima Daiichi Nuclear Power Plant (37.40561° N, 141.03363° E) (Sampled: 2014/03/19). The first
analytical procedure was a standard method developed by Eichrom Technologies Inc. that is currently
widely used for the determination of americium, plutonium, and uranium in water. The second analytical
procedure is a new proposed method that follows the Eichrom method procedure but eliminates the
calcium phosphate co-precipitation step and directly adds the aqueous ocean water sample to the preconditioned tandem column of UTEVA resin and TRU resin. This would ultimately reduce analysis time,
the waste generated, and the number of steps required within the procedure.
Radiotracers (243Am and

242

Pu) were added to the 200 mL Fukushima water samples for both

procedures as an indirect radiometric mean to determine the recovery for both analytes within the
samples. A 0.5 mL aliquot of 242Pu (7.6 Bq/mL) and a 0.2 mL aliquot of 243Am (13.6 Bq/mL) tracer solutions
were added to each of the water samples. The radiotracer solutions used were also prepared for analysis
by alpha spectrometry by cerium fluoride microprecipitation as detailed in Chapter 10.2.2.3 in order to 1)
determine the purity of the 243Am and 242Pu tracer solution and 2) determine the detector efficiency for
americium and plutonium in the counting position used. The alpha pulse height spectrum of the

243

Am

radiotracer solution showed that the tracer solution not only contained the 243Am tracer isotope, but also
contained 241Am at concentrations of 0.023 Bq/mL. The detector efficiency for americium was determined
to be 4.70 %:
Efficiency=

CT (cps)
AT (Bq)

∙100

(9)

where CT was the measured count rate of the tracer and AT was the activity of the tracer.
The alpha pulse height spectrum of the 242Pu radiotracer solution also showed that the tracer solution not
only contained the 242Pu tracer isotope, but also contained 238Pu at concentrations of 0.027 Bq/mL. The
detector efficiency for plutonium was determined by Equation 9 to be 6.14 %. The initial amount of 241Am
and 238Pu in the tracer solutions must be taken into account when 1) determining the initial activity that
was due to only the

243

Am and

242

Pu tracer isotopes from the initial LSC characterization of the tracer
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solution as described in Chapter 3.1.2 and 2) determining the correct activity levels of

241

Am and

238

Pu

within the Fukushima water samples.

10.3.1 Eichrom Procedure
Eichrom Technologies Inc. has optimized/published a standard method (Method No: ACW03) for
the determination of americium, plutonium, and uranium in water. This method was used to determine
americium and plutonium activities within Fukushima water samples that were taken just south of the
Fukushima Daiichi Nuclear Power Plant. This method utilizes a calcium phosphate co-precipitation step
prior to separation on a tandem column of UTEVA resin and TRU resin. An alpha pulse height spectrum
was accumulated for seven days for each of the separated americium and plutonium fractions eluted off
of the TRU resin column, as shown in Figure 58. The peak area was determined for each radioisotope and
the background counts for each corresponding region of interest were determined from a prerecorded
background spectrum. The recovery for each of the radiotracers employed was determined according to:
Recovery=

(CT -BT )
AT ∙ ET

(10)

where CT was the measured count rate of the tracer, BT was the measured background count rate, AT was
the activity of the tracer, and ET was the counting efficiency for the tracer. The recovery of the 243Am and
242

Pu tracers were determined to be 81.60 % and 39.66 %, respectively.
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Figure 58: Alpha pulse height spectrum for the separated americium and plutonium fractions from the Eichrom Analytical
Procedure (Count Time: 7 days).

The activities, As, of the americium and plutonium isotopes within the Fukushima water samples
were determined from the recovery of the respective radiotracers:
AS =

(CS -BS )
R ∙ ET ∙ V

(11)

where CS was the measured count rate for the sample radioisotope, BS was the measured background
count rate, R was the recovery of the respective tracer, ET was the counting efficiency for the respective
tracer, and V was the volume of the Fukushima water sample (0.2 L). The activity of

241

Am within the

Fukushima water samples was determined to be 0.123 ± 0.006 Bq/L. The only plutonium isotope found
within the Fukushima water samples was 239/240Pu with an activity of 0.006 ± 0.001 Bq/L.
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10.3.2 Direct Addition Procedure
The second analytical procedure that was used to determine americium and plutonium activities
within Fukushima water samples was a new proposed direct addition method that followed the Eichrom
procedure but eliminated the co-precipitation step and directly added the aqueous sample to the preconditioned tandem column of UTEVA resin and TRU resin. As previously mentioned, the matrix
constituents found within the Fukushima ocean water samples should not interfere with the adsorption
of either americium or plutonium on the TRU column.
An alpha pulse height spectrum was accumulated for seven days for each of the separated
americium and plutonium fractions eluted off of the TRU resin column, as shown in Figure 59. The peak
area was determined for each radioisotope and the background counts for each corresponding region of
interest were determined from a prerecorded background spectrum. The recovery for each of the
radiotracers employed were determined by Equation 10. The recovery of the 243Am and 242Pu tracers were
determined to be 19.88 % and 8.84 %, respectively.
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Figure 59: Alpha pulse height spectrum for the separated americium and plutonium fractions from the Proposed Analytical
Procedure (Count Time: 7 days).
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The recovery of the 243Am and 242Pu tracers from the direct addition procedure were compared
against those obtained with the Eichrom method. The results are shown in Table 35. The recovery of the
243

Am and 242Pu tracers from the direct addition procedure was ~ 25 % of that of the Eichrom analytical

method. The recoveries obtained with the direct addition method were significantly lower than the
recoveries achieved with the standard Eichrom method; however, the activity concentrations, As, of the
americium and plutonium isotopes within the Fukushima water samples as determined by the direct
addition procedure, calculated by Equation 11, were statistically similar to the values determined by the
241

Eichrom method. The activity concentrations for

Am and

239/240

Pu in the Fukushima water samples

assayed with the direct addition procedure were measured to be 0.117 ± 0.009 Bq/L and 0.005 ± 0.003
Bq/L, respectively. The activity concentrations for

241

Am and

239/240

Pu in the Fukushima water samples

from the direct addition were compared against those obtained with the Eichrom method. The results are
shown in Table 36.

Table 35: Comparison of the Tracer Recovery from the Eichrom Method vs Direct Addition Method

Tracer

AT
(Bq)

Eichrom
% Recovery

Direct Addition
% Recovery

Direct % Recovery
Eichrom % Recovery

243

2.71

81.60

19.88

24.36

3.79

39.66

8.84

22.29

Am

242

Pu

Table 36: Comparison of the Activity Concentrations in Fukushima Water from the Eichrom Method vs Direct Addition Method

Isotope
241

Am

239/240

Pu

Eichrom Method
(Bq/L)

Direct Addition Method
(Bq/L)

0.123 ± 0.006

0.117 ± 0.009

0.006 ± 0.001

0.005 ± 0.003
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As previously mentioned, the recovery of the direct addition procedure was significantly lower
than the recovery of the standard Eichrom method. In addition, the direct addition procedure had a
slightly higher uncertainty for the activity measurements within the Fukushima water samples. However,
for the rapid assessment of an environmental contamination situation, the direct addition procedure is
capable of providing accurate results while reducing the analysis time, the waste generated, and the
number of steps required within the procedure. The proposed direct addition procedure reduced the
water sample preparation time to ~ 1.5 hour while the entire calcium phosphate precipitation during the
Eichrom analytical procedure took over 4 hours. In addition, the direct addition technique reduced the
amount of chemicals used within the water sample preparation step and ultimately reduced the number
of steps required for the procedure, thereby also reducing the potential for operator error.

10.4 Conclusion
The research in this chapter focused on comparing two analytical procedures for the
measurement of americium and plutonium in Fukushima water samples that were taken directly south of
the Fukushima Daiichi Nuclear Power Plant (37.40561° N, 141.03363° E) (Sampled: 2014/03/19). The first
analytical procedure was a standard method developed by Eichrom Technologies Inc. that is currently
used for the determination of americium, plutonium, and uranium in water. The second analytical
procedure was a new proposed direct addition method that followed the Eichrom method procedure but
eliminated the calcium phosphate co-precipitation step and directly added the aqueous ocean water
sample to the pre-conditioned tandem column of UTEVA resin and TRU resin. The recovery of the 243Am
and 242Pu tracers from the direct addition procedure was significantly lower and only ~ 25 % of that of the
Eichrom method. However, the activity concentrations of the americium and plutonium isotopes within
the Fukushima water samples were statistically similar between the Eichrom method and the direct
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addition technique with 241Am and 239/240Pu activities ~ 0.120 Bq/L and ~ 0.0055 Bq/L, respectively. Even
though the recovery of the direct addition procedure was significantly lower than the recovery of the
standard Eichrom method and that it had a slightly higher uncertainty for the activity measurements
within the Fukushima water samples, the proposed new procedure was still capable of providing accurate
results while reducing the analysis time, the waste generated, and the number of steps required within
the procedure.
Future work should focus on determining if the amount of aqueous ocean water sample passed
through the tandem column of UTEVA resin and TRU resin contributed to the lower recovery found for
the direct addition procedure. As previously mentioned, the matrix constituents found within ocean water
should not interfere with the adsorption of either americium or plutonium on the TRU column. Therefore,
the lower recovery of americium and plutonium, as determined by the direct addition procedure, could
be due to the higher volume ~250 mL ocean water sample passed through the column. The direct addition
technique should be conducted with pure acid system to ensure that the lower recovery was due to the
volume of sample and not from the ocean water matrix constituents. Additionally, it would be interesting
to evaporate the ocean water to reduce the sample volume and then directly introduce the sample into
the tandem column, which would reduce the volume of aqueous sample and still eliminate the calcium
phosphate co-precipitation step. Future work should also focus on exploring other extraction
chromatography procedures/methods for the determination of radionuclides in ocean water, specifically
procedures that utilize TRU resin for the separation of americium and plutonium.
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CHAPTER 11: CONCLUSIONS AND IMPLICATIONS
The motivation for this research was to examine radioanalytical methods that would allow for the
rapid and accurate determination of biologically relevant radionuclides in ocean water. After a radiological
release, methods that are fast, rugged, and reliable are needed in order to assess environmental
contamination. In addition, the radiochemical separations employed need to be capable of efficiently
removing radiological and chemical interferences, so that high quality, defensible measurements can be
made.
The work in this dissertation focused on investigating novel techniques that coupled extraction
chromatography with radiation detection for the separation and purification of biologically relevant
radionuclides from ocean water samples. The research examined the effect of matrix constituents
commonly found within ocean water on the retention capabilities of different extraction chromatography
resins for the radioisotopes of interest. The results from these interference studies provided a foundation
that was then used to develop a new proposed direct addition technique for the rapid determination of
radionuclides in ocean water. This technique was subsequently tested using samples taken near the
Fukushima Daiichi Nuclear Power Plant. Additionally, the research also focused on comparing standard
procedures for radiocesium detection in ocean water to proposed techniques using two different Cesium
Resins (AMP-PAN and KNiFC-PAN) developed by Triskem International.
The following sections provides a summary of the conclusions from the previous chapters as well
as suggestions for future work that could be conducted to further develop the research that is presented
in this dissertation.
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11.1 Sodium and Calcium Interference on Actinide and Strontium Adsorption
Ocean water contains more dissolved ions than most other types of natural waters with sodium
ions comprising 30% of the total salinity. The elevated amount of sodium ions relative to the other major
constituents of ocean water could inhibit the uptake of radionuclides on the extraction chromatographic
resins that are used within different radioisotope determination procedures. However, the results from
Chapter 4 showed that there was no significant interference from sodium on either americium or
plutonium adsorption on the six extraction chromatographic resins from both nitric acid and hydrochloric
acid. The concentration range of the synthetic sodium salt solutions studied was centered on the sodium
metal ion concentration in average ocean water: 10.752 ‰ Na (0.468 M Na). For a given resin (DGA,
UTEVA, TEVA, TRU, Diphonix, or Actinide resin), the retention factors for 241Am or 239Pu did not significantly
differ with an increase in sodium ions. These results indicated that there is little/no competition from the
mono-valent sodium for the extraction sites on the six extraction chromatographic resins.
Therefore, focus shifted to analyze alkali earth metal interference, mainly the effect of calcium,
on americium and plutonium adsorption on the six extraction chromatographic resins. The concentration
range of the synthetic calcium salt solutions studied was centered on the calcium metal ion concentration
in average ocean water: 0.416 ‰ Ca (0.0104 M Ca). The results from Chapter 5 showed that there was no
significant calcium interference on either americium or plutonium adsorption on almost all of the six
extraction chromatographic resins from both a nitric acid and hydrochloric acid system. The only
exception was the uptake of americium on DGA resin from nitric acid. The retention of 241Am decreased
by over two orders of magnitude when calcium was introduced into the system. This trend indicated that
there is severe competition between the di-valent calcium (ionic radii: 100 pm) and the tri-valent
americium (ionic radii: 97.5 pm) for the extraction sites on DGA resin. Additionally, it was found that DGA
has a capacity for calcium of 4.53 ± 0.08 mg Ca/g DGA resin. The capacity of DGA resin for calcium
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indicated that the capacity of one gram of DGA resin would be reached when ~10 mL of average ocean
water was passed through a DGA column.
Additionally, the effect of calcium on strontium adsorption on Sr resin and DGA resin was also
examined in Chapter 7. The chemical similarity between strontium and calcium could be problematic
when using extraction chromatography resins, since resins that have an affinity for strontium could also
have an affinity for calcium as well. The retention factors of 85Sr on Sr resin in a 3 M HNO3 system in this
work matched those reported in the literature with k’ values gradually decreasing at salt concentrations
above 0.01 M. The results indicated that the calcium concentrations in ocean water (0.416 ‰ Ca (0.0104
M Ca)) do not significantly reduce the retention of strontium on Sr resin; however, the continual
introduction of calcium to a fixed amount of Sr resin, could potentially decrease the retention of Sr on the
resin. Nevertheless, the retention factors of 85Sr on Sr resin in a 1 M HNO3 system were constant over the
entire calcium interference concentration examined, which indicated that calcium is not an interference
in lower acid systems. Additionally, the results from Chapter 7 also showed that there was a significant
interference from the presence of a calcium salt solution for DGA resin. The retention factors for 85Sr on
DGA resin decreased by over two orders of magnitude. The decrease in strontium retention was due to
competition with Ca(II), which is chemically similar to Sr(II), for extractant sites on the DGA resin.
The results from these three chapters provided some foundational information. First, the lack of
sodium interference on either americium or plutonium adsorption on the resins examined indicated that
the sodium matrix does not need to be removed prior to the aqueous sample solution being loaded onto
any of the resins for use in a more direct method for the measurement of radionuclides in ocean water.
Additionally, the lack of sodium interference on either americium or plutonium adsorption on the resins
examined is beneficial when redox reagents that contain sodium are introduced into the system to adjust
the plutonium valence. Second, the calcium interference on the adsorption of americium and strontium
on DGA resin from a nitric acid system is significant. The retention of these elements on DGA resin
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decreased by two orders of magnitude when calcium was introduced into the system. Therefore, any
developed method that utilized DGA resin would have to remove the calcium matrix prior to the sample
solution being loaded onto a column in nitric acid.

11.2 Effects of Ocean Water Matrix on Actinide and Strontium Adsorption
Ocean water is the largest category of natural waters and is the main recipient of environmental
contamination through either atmospheric or aquatic pathways. The elevated salinity of ocean water (35
‰: 35 g dissolved solids per 1000 g water) compared to other natural waters imparts a complex matrix
that could affect the rapid isolation, characterization, and determination of anthropogenic radionuclides.
The work described in Chapters 6 and 8 examined the effect of an ocean water matrix on americium,
plutonium, and strontium adsorption on different extraction chromatographic resins from either a nitric
acid or hydrochloric acid system.
The results from Chapter 6 showed that that there was no significant interference from the
presence of an oceanic water matrix on either americium or plutonium adsorption on the majority of the
six extraction chromatographic resins from both nitric acid and hydrochloric acid. The only exceptions
were americium adsorption on DGA resin from a nitric acid system and plutonium adsorption on UTEVA
resin from a hydrochloric acid system (when sampled ocean water was introduced into the system). The
retention of 241Am on DGA resin decreased by over two orders of magnitude when an ocean water matrix
was introduced into the system. The decrease in retention of

241

Am on DGA resin was attributed to

interference from the calcium metal ions found within ocean water. The retention of 239Pu on UTEVA resin
increased by an order of magnitude when a sampled ocean water matrix was introduced into the system.
The increase in retention of

239

Pu on UTEVA resin could be attributed to a synergistic effect caused by

some type of organic material found within sampled ocean water.
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The results from Chapter 8 showed that there was a slight interference from the presence of an
oceanic water matrix on strontium adsorption on Sr resin from a nitric acid system. These trends indicated
that a metal ion or a combination of metal ions were competing against the strontium for extractant sites
within the crown ether. Additionally, the results from Chapter 8 showed that there was a significant
interference from the presence of an oceanic water matrix on strontium adsorption on DGA resin from a
nitric acid system. The retention factors for 85Sr on DGA resin decreased by over two orders of magnitude,
which could be attributed to competition with Ca(II) for extractant sites on the DGA resin, which was
shown in Chapter 7.
The results from these two chapters provided some of the same foundational information that
was already described in the previous Section. The significant effect of calcium on the retention of 241Am
and 85Sr on DGA resin is still troublesome, since DGA resin has been used in several standard methods due
to the resin having a high selectivity/retention for americium as well a relatively high retention for
strontium. Any developed procedure that utilized DGA resin would have to remove the calcium matrix
prior to the sample solution being loaded onto a column in nitric acid.

11.3 Measurement of Cesium-137 in Ocean Water
Different analytical procedures for the measurement of 137Cs in ocean water were compared for
monitoring radiocesium levels off the coast of Japan. The results presented in Chapter 9 first characterized
two Cesium resins (AMP-PAN and KNiFC-PAN resins) for their solid and active component content as well
as their break point for cesium uptake, and secondly compared extraction methods that utilized the AMPPAN and KNiFC-PAN resins against the standard improved AMP procedure and AMP double treatment
procedure for the determination of radiocesium in ocean water.
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The Cesium resins are stored swollen; therefore, only 24.16 % and 22.65 % of the “wet” AMP-PAN
and KNiFC-PAN resins, respectively, are the actual resin. The amount of the active component (either AMP
or KNiFC) was determined to be 77 % and 87 % for AMP-PAN and KNiFC-PAN, respectively. The initial
activities of

137

Cs and

40

K in both Cesium resins were also determined. The KNiFC-PAN resin had an

elevated 40K activity due to its active component, resulting in a prominent Compton edge that could hinder
the measurement of low-activity samples on this resin. The breakpoint for cesium uptake on the Cesium
resins from ocean water samples collected at Tomioka, Fukushima, Japan was also determined. The
capacity for AMP-PAN (31.87 mg Cs/g dry resin determined by ICP-MS) matched the capacity reported in
the literature. However, the capacity for KNiFC-PAN (75.66 mg Cs/g dry resin determined by ICP-MS) was
significantly lower than the capacity reported in the literature. Experiments, that based their stable 133Cs
carrier addition on the literature value, could potentially over capacitate the resin. Additionally, the
determined cesium capacities for both resins were below the calculated capacity value indicating that the
resins did not have a 1:1 stoichiometric ratio between active component and cesium.
In addition, five different analytical procedures were compared for the measurement of 137Cs in
ocean water were compared for monitoring radiocesium levels off the coast of Japan: AMP method, AMP
double treatment method, AMP-PAN column method, KNiFC-PAN column method for acidified ocean
water, and KNiFC-PAN column method for un-acidified ocean water. The 137Cs activity in the ocean water
sampled 2017/06/28 matched those levels monitored at Tomioka by all five methods examined. The AMPPAN column method and both KNiFC-PAN column methods matched the results determined from the
AMP method as well as the AMP double treatment method. Therefore, these column methods are quite
suitable for monitoring in-field for the separation and determination of cesium from ocean water.
Additionally, the KNiFC-PAN column method is exceptionally suitable for emergency response monitoring
since the ocean water does not have to be acidified for cesium to be adsorbed to the resin.
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11.4 Measurement of Radionuclides in Ocean Water
Two analytical procedures were compared for the measurement of radionuclides in ocean water.
Chapters 4, 5, and 6 examined the effect of sodium, calcium, and ocean water on the adsorption of
americium and plutonium on six extraction chromatographic resins from either a nitric acid or
hydrochloric acid system. The results of these chapters showed that TRU resin exhibits promise in being
used within a new proposed analytical procedure for the determination of radionuclides in ocean water.
Therefore, a current/standard method that utilized TRU resin for the determination of radionuclides in
water was compared against the new proposed direct addition method that also utilized TRU resin in
addition to eliminating the co-precipitation step.
The initial analytical procedure was published by Eichrom Technologies as one of their standard
methods for the determination of americium, plutonium, and uranium in water (Method No: ACW03).
This method utilized a tandem column of UTEVA resin and TRU resin for the separation of uranium on
UTEVA resin and subsequent separation of americium and plutonium on TRU resin. This method also
utilized a calcium phosphate co-precipitation step prior to separation in order to reduce the amount of
matrix constituents and volume within the aqueous solution. The second analytical procedure was a new
direct addition method that followed the Eichrom method procedure but eliminated the co-precipitation
step and directly added the ocean water aqueous sample to the pre-conditioned tandem column of
UTEVA resin and TRU resin. The matrix constituents found within ocean water should not interfere with
the adsorption of either americium or plutonium on the TRU column.
These two procedures were compared in Chapter 10 for the measurement of americium and
plutonium in ocean water samples that were taken directly south of the Fukushima Daiichi Nuclear Power
Plant (37.40561° N, 141.03363° E) (Sampled: 2014/03/19). The recovery of the

243

Am and

242

Pu tracers

from the direct addition procedure was significantly lower and ~ 25 % of that of the Eichrom method. In
addition, the direct addition procedure also had a slightly higher uncertainty for the activity
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measurements within the Fukushima water samples. However, the activities of the americium and
plutonium isotopes within the Fukushima water samples were statistically similar between the Eichrom
method and the direct addition method with 241Am and 239/240Pu activities ~ 0.120 Bq/L and ~ 0.0055 Bq/L,
respectively. Nevertheless, the direct addition procedure was capable of providing accurate results while
reducing the analysis time, the waste generated, and the number of steps required within the procedure.

11.5 Future Outlook
The motivation for this research was to examine radioanalytical methods that would allow for the
rapid and accurate determination of biologically relevant radionuclides in ocean water.
However, more in depth research is required to optimize and improve the americium and
plutonium recoveries that were determined by the new direct addition procedure. As previously
mentioned, the recovery of the radiotracers achieved with the direct addition technique was significantly
lower compared to the Eichrom method. Therefore, future work should focus on determining if the
amount of aqueous ocean water sample passed through the tandem column of UTEVA resin and TRU resin
contributed to the lower recovery of the direct addition procedure. The direct addition technique should
also be conducted with pure acid system to ensure that the lower recovery was due to the volume of
sample and not from the ocean water matrix constituents. Additionally, it would be interesting to
evaporate the ocean water to reduce the sample volume and then directly introduce the sample into the
tandem column, which would reduce the volume of aqueous sample and still eliminate the calcium
phosphate co-precipitation step. Future work should also focus on exploring other extraction
chromatography procedures/methods for the determination of radionuclides in ocean water, specifically
procedures that utilize TRU resin for the separation of americium and plutonium, as well as other
biologically relevant radionuclides.
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The research also focused on comparing standard procedures for radiocesium detection in ocean
water to proposed procedures using two different Cesium Resins (AMP-PAN and KNiFC-PAN) developed
by Triskem International. Future research should focus on developing/performing the “double treatment”
on the AMP-PAN resin. Similarly to AMP powder, AMP-PAN also adsorbs trace amounts of natural
potassium from the ocean water, which results in an elevation of radiation background during
measurement due to the Compton scattering of 1420 keV γ-rays from 40K (0.0118% nat. abundance).
Therefore, a double treatment for the AMP-PAN resin would reduce the elevated radiation background
for measuring low-level samples. Future research should also focus on reducing the initial potassium
content of the KNiFC-PAN resin. The initial 40K activity within the KNiFC-PAN resin results in an elevation
of radiation background during measurement due to the Compton scattering of 1420 keV γ-rays from 40K,
even when the 40K decreased by a factor of ~4 after contact with ocean water. However, if the potassium
ions could be exchanged prior to use with other ions, such as sodium ions which have been reported to
increase the retention of cesium on the resin, the background radiation would be reduced for measuring
low-level samples.
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APPENDIX A: RAW DATA FOR FIGURES
Table 37: Raw Data for Figure 30

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

Detection Limit k’
16807.09
16807.09
16807.09
16807.09
16807.09
16807.09

DGA
241
Am k’
14754.274
± 5985.706
18202.888
± 5830.774
18505.549
± 5461.716
18303.400
± 5909.072
12142.044
± 1953.619
14742.930
± 5868.958

Resin
UTEVA
241
Am k’
1.684
± 0.146
2.007
± 0.251
1.744
± 0.623
1.517
± 0.207
1.222
± 0.439
1.438
± 0.378

Detection Limit k’
16807.09
16807.09
16807.09
16807.09
16807.09
16807.09

TRU
241
Am k’
94.467
± 9.228
97.956
± 6.536
98.406
± 6.070
86.515
± 0.999
97.623
± 7.589
96.232
± 9.044

Resin
Actinide
241
Am k’
1604.660
± 156.219
1696.417
± 210.493
1679.718
± 137.153
1750.334
± 105.053
1716.526
± 178.340
1514.000
± 86.210

TEVA
Am k’
± 1.328
± 1.061
± 1.181
± 0.686
± 0.933
± 1.331

241

1.052
1.018
2.017
2.441
3.192
1.142

Diphonix
241
Am k’
46.926
± 4.619
47.189
± 1.036
45.553
± 1.174
43.206
± 2.089
41.655
± 0.631
39.494
± 0.747

Table 38: Raw Data for Figure 31

Resin
[Na]
0.000
0.171
0.342
0.513
0.684
0.856

Detection Limit k’
16807.09
16807.09
16807.09
16807.09
16807.09
16807.09

DGA
Pu k’
1133.363
± 143.572
1469.416
± 65.169
1322.154
± 90.313
1420.304
± 51.060
1485.722
± 55.820
1451.557
± 37.657

UTEVA
Pu k’
176.307
± 2.913
219.273
± 7.329
259.775
± 15.975
286.409
± 15.903
321.301
± 13.195
324.859
± 8.668

239

239

TEVA
Pu k’
1396.732
± 65.944
606.276
± 74.389
551.100
± 223.762
613.048
± 71.577
615.919
± 16.246
871.749
± 70.220
239

Resin
TRU
[Na]

Detection Limit k’

0.000
0.171
0.342
0.513
0.684
0.856

16807.09
16807.09
16807.09
16807.09
16807.09
16807.09

Actinide

239

239

Pu k’

7256.304
2271.237
2519.135
2593.709
2312.806
2632.283

Pu k’

± 1049.578
± 196.819
± 156.783
± 359.353
± 607.339
± 498.879

8894.022
21269.188
30841.354
26984.380
50126.222
50126.222

179

± 7622.817
± 27492.133
± 26721.898
± 23141.842
± 23141.842
± 23141.842

Diphonix
239

Pu k’

119.360
101.064
106.495
96.261
122.764
101.192

± 20.615
± 23.969
± 17.460
± 17.119
± 17.690
± 5.651

Table 39: Raw Data for Figure 32

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

Detection Limit k’
16724.03
16724.03
16724.03
16724.03
16724.03
16724.03

DGA
241
Am k’
24.573
± 0.753
26.055
± 1.693
29.700
± 0.686
32.802
± 0.914
35.994
± 4.320
40.233
± 5.664

Resin
UTEVA
241
Am k’
1.682
± 0.625
1.718
± 0.743
2.199
± 1.553
1.505
± 0.709
0.885
± 0.446
0.508
± 0.341

Detection Limit k’
16724.03
16724.03
16724.03
16724.03
16724.03
16724.03

TRU
241
Am k’
3.797
± 0.642
4.087
± 0.363
3.075
± 1.218
2.186
± 0.113
2.393
± 0.296
3.726
± 1.183

Resin
Actinide
241
Am k’
2193.915
± 157.215
2287.392
± 162.298
2037.204
± 196.586
2150.849
± 77.064
2071.363
± 77.113
2041.280
± 88.029

TEVA
Am k’
± 1.358
± 0.921
± 0.497
± 0.456
± 0.704
± 0.166

241

1.689
1.817
1.899
2.287
1.351
2.643

Diphonix
241
Am k’
76.800
± 1.727
68.584
± 1.888
66.308
± 1.688
65.250
± 8.172
59.621
± 1.555
56.620
± 1.195

Table 40: Raw Data for Figure 33

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

[Na]
0.000
0.171
0.342
0.513
0.684
0.856

Detection Limit k’
16724.03
16724.03
16724.03
16724.03
16724.03
16724.03

DGA
239
Pu k’
16.504 ± 6.979
11.421 ± 0.871
12.611 ± 0.651
14.875 ± 3.221
15.797 ± 1.962
18.132 ± 1.968

Detection Limit k’
16724.03
16724.03
16724.03
16724.03
16724.03
16724.03

TRU
239
Pu k’
12.701 ± 0.698
11.838 ± 0.478
11.759 ± 0.358
11.925 ± 0.161
13.789 ± 0.498
15.979 ± 1.286

1.175
0.946
0.833
1.118
0.908
1.258

Resin
UTEVA
239
Pu k’
± 0.232
± 0.294
± 0.262
± 0.139
± 0.165
± 0.089

Resin
Actinide
239
Pu k’
49798.453 ± 39993.605
32480.714 ± 34635.478
29850.615 ± 37231.127
31794.016 ± 35602.839
67116.192 ± 34635.478
68599.852 ± 31668.158

180

TEVA
Pu k’
± 0.063
± 0.073
± 0.027
± 0.166
± 0.249
± 0.140

239

1.560
2.210
2.311
2.031
2.158
2.339

Diphonix
239
Pu k’
389.902
± 38.979
517.382
± 87.096
384.915
± 63.161
524.515
± 67.273
566.265
± 43.388
579.294
± 81.162

Table 41: Raw Data for Figure 34

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05

DGA
241
Am k’
7534.548 ± 5709.872
6626.684 ± 1549.057
1031.700
± 42.408
303.256
± 6.668
50.350
± 0.434
28.067
± 0.552
15.066
± 0.260
10.364
± 0.283
8.028
± 0.313

Resin
UTEVA
241
Am k’
1.975
± 0.373
2.230
± 0.316
1.710
± 0.116
2.282
± 0.304
2.302
± 0.272
1.771
± 0.410
1.929
± 0.393
0.737
± 0.137
0.709
± 0.402

Detection Limit k’
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05

TRU
241
Am k’
88.898
± 3.252
88.631
± 1.515
88.162
± 2.025
87.293
± 0.994
85.819
± 1.549
86.395
± 2.188
80.102
± 1.068
74.310
± 0.659
68.793
± 0.437

Resin
Actinide
241
Am k’
1587.609
± 103.308
1647.392
± 53.141
1570.665
± 210.588
1445.165
± 184.636
1386.284
± 74.546
1268.917
± 5.716
808.715
± 32.500
551.487
± 35.366
366.357
± 13.706

1.841
1.555
1.447
1.498
1.156
0.991
1.604
1.295
0.825

Diphonix
241
Am k’
52.746
± 0.715
48.836
± 0.630
46.075
± 1.315
44.757
± 1.131
35.324
± 0.369
29.695
± 0.162
22.174
± 0.948
15.654
± 0.863
9.845
± 0.214

Table 42: Raw Data for Figure 35

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05

Resin
DGA: 1 M
DGA: 3 M
241
241
Am k’
Am k’
7534.548
± 5709.872
7045.367
± 3588.207
6626.684
± 1549.057
9354.872
± 8011.986
1031.700
± 42.408
6667.546
± 2161.499
303.256
± 6.668
2305.833
± 277.591
50.350
± 0.434
394.992
± 5.590
28.067
± 0.552
205.892
± 3.462
15.066
± 0.260
96.652
± 1.064
10.364
± 0.283
62.261
± 0.451
8.028
± 0.313
50.404
± 0.694
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TEVA
Am k’
± 0.248
± 0.258
± 0.310
± 0.782
± 0.501
± 0.290
± 0.174
± 0.458
± 0.745

241

Table 43: Raw Data for Figure 36

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05

Detection Limit k’
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05
15362.05

DGA
239
Pu k’
2010.101
± 173.482
981.284
± 65.646
589.498
± 20.369
962.047
± 136.922
1308.850
± 191.794
1824.540
± 90.947
1732.887
± 103.383
2574.563
± 104.424
4543.599
± 747.322

Resin
UTEVA
239
Pu k’
83.144
± 4.785
80.267
± 3.869
92.869
± 15.651
94.554
± 6.153
116.282
± 3.791
114.617
± 12.453
149.840
± 10.966
158.317
± 4.174
189.565
± 3.976

TEVA
Pu k’
539.010
± 8.909
538.330
± 60.239
481.837
± 39.788
463.805
± 58.817
488.277
± 19.604
464.589
± 89.564
499.194
± 17.279
503.156
± 57.301
674.849
± 49.362

TRU
Pu k’
3858.565
± 423.921
3635.101
± 632.668
3645.493
± 750.114
3881.571
± 522.643
4687.785
± 594.590
5611.105
± 452.563
8149.925 ± 3009.687
8903.208 ± 2553.454
14821.752 ± 4292.756

Resin
Actinide
239
Pu k’
19754.354
± 8590.671
19849.408
± 8805.100
18396.350
± 9857.015
9677.868
± 6307.286
18410.856
± 9725.977
18498.071
± 9979.291
19213.251
± 9072.906
19269.258
± 9188.347
23300.288 ± 11354.298

Diphonix
239
Pu k’
1882.579 ± 235.892
1644.559 ± 486.796
1713.429 ± 359.358
1577.087 ± 248.759
1647.174 ± 280.892
1733.706 ± 605.603
1720.954 ± 400.026
1770.278 ± 425.882
2953.379 ± 661.663

239

182

239

Table 44: Raw Data for Figure 37

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

DGA
Am k’
± 0.569
± 0.278
± 0.366
± 0.192
± 0.149
± 0.213
± 0.103
± 0.021
± 0.237

241

Detection Limit k’
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22

2.271
2.031
2.455
2.060
1.610
1.736
1.558
2.233
4.516

Detection Limit k’
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22

TRU
241
Am k’
1.807
± 0.482
1.834
± 0.382
1.745
± 0.433
1.962
± 0.201
1.935
± 0.179
1.685
± 0.390
1.535
± 0.336
1.657
± 0.251
1.860
± 0.618

Resin
UTEVA
241
Am k’
1.952
± 0.361
1.902
± 0.733
1.864
± 0.345
2.448
± 0.457
1.417
± 0.286
1.688
± 0.400
1.379
± 0.268
1.879
± 0.512
0.874
± 0.859

TEVA
Am k’
1.740
± 0.450
1.157
± 0.097
1.602
± 0.608
1.721
± 0.343
1.528
± 0.550
1.785
± 0.287
1.604
± 0.729
1.538
± 0.259
1.047
± 1.074

Resin
Actinide
241
Am k’
2176.798 ± 858.288
2062.880 ± 308.609
2642.936 ± 251.039
2454.344 ± 285.890
1991.858 ± 241.545
1506.749 ± 537.647
1185.002 ± 145.077
776.596
± 65.744
398.113
± 17.036

Diphonix
241
Am k’
102.177 ± 2.886
95.885
± 4.133
83.800
± 1.977
75.393
± 2.601
57.017
± 0.223
45.444
± 1.039
29.317
± 0.183
18.752
± 0.218
10.793
± 0.418

183

241

Table 45: Raw Data for Figure 38

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22

DGA
239
Pu k’
21.097 ± 2.510
21.176 ± 3.429
18.641 ± 0.472
18.958 ± 1.126
18.695 ± 1.011
19.051 ± 0.612
23.146 ± 0.288
25.136 ± 2.069
33.251 ± 4.976

Detection Limit k’
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22
12336.22

TRU
239
Pu k’
17.326 ± 0.947
16.714 ± 1.888
14.838 ± 5.976
19.120 ± 3.495
17.754 ± 1.194
19.473 ± 1.363
20.166 ± 0.500
22.933 ± 1.018
78.797 ± 3.104

1.893
2.017
1.842
1.762
1.890
1.794
1.666
2.059
3.095

Resin
UTEVA
239
Pu k’
± 0.407
± 0.370
± 0.343
± 0.328
± 0.391
± 0.421
± 0.517
± 0.373
± 2.837

Resin
Actinide
239
Pu k’
15809.563
± 3397.774
15846.322
± 3417.531
29912.854 ± 19844.486
21301.195 ± 17606.933
30188.471 ± 19922.429
22885.798 ± 16263.558
14656.343
± 2954.335
23109.658 ± 16618.701
30602.998 ± 19412.195

184

TEVA
Pu k’
± 0.681
± 0.263
± 2.747
± 0.209
± 0.210
± 0.274
± 0.241
± 0.113
± 0.631

239

2.052
1.732
0.945
1.557
1.604
1.634
1.260
0.993
2.203

Diphonix
239
Pu k’
2075.496
± 484.342
2569.277
± 442.967
2183.071
± 446.725
2199.350
± 423.315
2435.703
± 743.579
1984.274
± 446.036
2742.582
± 513.629
2001.780
± 604.017
1009.770
± 109.871

Table 46: Raw Data for Figure 39

Pure Acid
Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

241

10478.230
2.425
1.415
84.532
27.729
2379.780

Am k’
± 2976.005
± 1.067
± 0.340
± 3.613
± 0.507
± 246.496

Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

Oceanic Matrix
Artificial
Ocean Water
241
Am k’
174.427
± 10.479
1.572
± 0.116
1.240
± 0.245
83.339
± 8.601
20.914
± 1.226
1663.904
± 187.605

Evaporated Artificial
Ocean Water
241
Am k’
145.772
± 13.080
2.676
± 0.826
3.030
± 3.172
85.963
± 12.331
21.502
± 0.990
1362.453
± 443.728

Oceanic Matrix
Sampled
Ocean Water
241
Am k’
193.017
± 19.123
3.618
± 0.524
2.209
± 0.404
98.464
± 0.802
33.893
± 3.238
2136.667
± 148.065

Evaporated Sampled
Ocean Water
241
Am k’
169.689
± 13.126
1.693
± 0.220
1.131
± 0.221
89.070
± 2.024
33.333
± 3.813
1688.667
± 92.426

Oceanic Matrix
Artificial
Ocean Water
239
Pu k’
1128.577
± 146.703
249.567
± 1.381
949.474
± 30.488
3770.440
± 641.357
126.509
± 4.130
32869.025
± 19990.753

Evaporated Artificial
Ocean Water
239
Pu k’
1339.565
± 40.044
244.336
± 3.818
891.916
± 58.685
3315.502
± 158.673
169.680
± 29.441
32227.584
± 172.227

Oceanic Matrix
Sampled
Ocean Water
239
Pu k’
1059.985
± 45.323
241.296
± 5.721
1045.883
± 279.372
3029.345
± 141.230
173.110
± 23.692
47208.000
± 59.915

Evaporated Sampled
Ocean Water
239
Pu k’
1223.282
± 377.521
289.857
± 62.328
782.710
± 47.072
2839.653
± 301.702
151.955
± 5.266
16981.653
± 5896.301

Table 47: Raw Data for Figure 40

Pure Acid
Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

239

1425.588
192.520
779.958
3172.127
102.419
46753.011

Pu k’
± 54.246
± 20.692
± 21.277
± 1278.257
± 11.086
± 19990.753

185

Table 48: Raw Data for Figure 41

Pure Acid
Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

241

20.770
0.742
2.399
1.922
42.462
2909.244

Am k’
± 0.486
± 0.218
± 1.297
± 0.097
± 1.427
± 591.079

Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

Oceanic Matrix
Artificial
Ocean Water
241
Am k’
17.750
± 0.789
1.418
± 0.689
1.736
± 0.487
2.143
± 0.581
32.993
± 0.856
2110.412
± 129.803

Evaporated Artificial
Ocean Water
241
Am k’
17.464
± 1.311
1.368
± 0.079
1.488
± 0.294
2.930
± 0.838
35.225
± 1.120
2257.290
± 369.411

Oceanic Matrix
Sampled
Ocean Water
241
Am k’
22.590
± 1.392
3.250
± 0.841
3.128
± 0.319
5.044
± 0.445
58.811
± 1.697
2322.775
± 851.263

Evaporated Sampled
Ocean Water
241
Am k’
17.144
± 1.324
1.896
± 0.885
2.164
± 0.354
3.376
± 0.317
51.348
± 1.019
2349.754
± 218.753

Table 49: Raw Data for Figure 42

Pure Acid
Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

Resin
DGA
UTEVA
TEVA
TRU
Diphonix
Actinide

239

99.499
1.441
2.401
203.390
122.020
47221.101

Pu k’
± 10.596
± 0.046
± 0.185
± 14.491
± 10.157
± 19976.326

Oceanic Matrix
Artificial
Ocean Water
239
Pu k’
90.782
± 6.418
1.770
± 0.156
3.109
± 0.245
213.467
± 10.588
143.412
± 18.316
33001.339
± 19976.326
Oceanic Matrix
Sampled
Ocean Water
239
Pu k’
86.084
± 19.532
24.419
± 29.837
2.823
± 0.217
186.433
± 49.420
223.916
± 46.876
40039.158

± 47917.262

186

Evaporated Artificial
Ocean Water
239
Pu k’
106.936
± 12.039
2.567
± 1.049
3.178
± 0.128
218.714
± 8.842
173.192
± 20.707
26848.389
± 9272.732

Evaporated Sampled
Ocean Water
239
Pu k’
97.474
± 9.513
44.014
± 62.602
2.954
± 2.061
376.253
± 49.763
187.041
± 23.235
±
77344.528
35539.423

Table 50: Raw Data for Figure 43

Resin
[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
26070.62
26070.62
26070.62
26070.62
26070.62
26070.62
26070.62
26070.62
26070.62

Sr Res: 3 M HNO3
85
Sr k’
64.283
± 0.664
64.779
± 0.592
64.010
± 0.845
63.509
± 0.655
60.672
± 0.695
57.980
± 0.528
51.233
± 1.565
41.763
± 0.295
27.301
± 0.645

Sr Res: 1 M HNO3
85
Sr k’
26.806
± 0.340
26.300
± 0.527
26.730
± 0.588
27.190
± 0.580
26.756
± 1.055
28.018
± 0.895
30.746
± 0.709
31.724
± 0.694
28.575
± 0.470

Table 51: Raw Data for Figure 44

Resin
[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
39910.15
39910.15
39910.15
39910.15
39910.15
39910.15
39910.15
39910.15
39910.15

Sr Res: 3 M HCl
85
Sr k’
1.817
± 0.131
1.798
± 0.094
1.585
± 0.019
1.839
± 0.248
1.940
± 0.087
1.938
± 0.202
2.036
± 0.389
1.740
± 0.186
2.206
± 0.374

Sr Res: 1 M HCl
85
Sr k’
1.562
± 0.268
1.726
± 0.239
1.427
± 0.185
1.439
± 0.247
1.511
± 0.329
1.612
± 0.344
1.234
± 0.209
0.928
± 0.459
0.497
± 0.204

Table 52: Raw Data for Figure 45

Resin
[Ca]
0
0.001
0.005
0.01
0.05
0.1
0.25
0.5
1

Detection Limit k’
32103.14
32103.14
32103.14
32103.14
32103.14
32103.14
32103.14
32103.14
32103.14

DGA Res: 1 M HNO3
85
Sr k’
67.926
± 1.402
45.862
± 0.228
6.629
± 0.288
2.305
± 0.147
0.941
± 0.041
0.801
± 0.078
0.514
± 0.257
0.380
± 0.020
0.380
± 0.247

187

DGA Res: 1 M HCl
85
Sr k’
1.181
± 0.194
1.435
± 0.428
1.083
± 0.297
0.930
± 0.080
1.005
± 0.290
0.689
± 0.144
0.487
± 0.450
0.328
± 0.348
0.356
± 0.370

Table 53: Raw Data for Figure 46

Resin
Oceanic Matrix
Acid
Artificial Ocean Water
Evaporated Ocean Water
Sampled Ocean Water
Evaporated Sampled Ocean Water

Sr Res: 3 M HNO3
85
Sr k’
65.603
± 1.792
39.020
± 1.472
37.167
± 0.903
41.334
± 0.943
38.987
± 0.495

Sr Res: 1 M HNO3
85
Sr k’
29.419
± 1.080
13.806
± 0.541
14.030
± 0.909
16.184
± 0.471
15.205
± 0.488

Table 54: Raw Data for Figure 47

Resin
Oceanic Matrix
Acid
Artificial Ocean Water
Evaporated Ocean Water
Sampled Ocean Water
Evaporated Sampled Ocean Water

Sr Res: 3 M HCl
85
Sr k’
2.127
± 0.330
2.052
± 0.235
1.996
± 0.261
1.985
± 0.060
1.988
± 0.232

Sr Res: 1 M HCl
85
Sr k’
1.536
± 0.278
1.592
± 0.545
1.898
± 0.259
1.517
± 0.324
1.629
± 0.312

Table 55: Raw Data for Figure 48

Resin
Oceanic Matrix
Acid
Artificial Ocean Water
Evaporated Ocean Water
Sampled Ocean Water
Evaporated Sampled Ocean Water

DGA Res: 1 M HNO3
85
Sr k’
69.037
± 0.827
2.508
± 0.345
2.031
± 0.203
2.625
± 0.245
2.323
± 0.179

DGA Res: 1 M HCl
85
Sr k’
1.659
± 0.263
0.995
± 0.252
0.853
± 0.130
0.914
± 0.132
0.935
± 0.423

Table 56: Raw Data for Figure 50

CsCl Added (mg)
16.002
24.003
32.004
38.005
44.005
50.006

CsCl in Supernate (mg)
10.203
18.077
26.082
31.587
36.200
42.685

188

Table 57: Raw Data for Figure 51

CsCl Added (mg)
0.000
16.002
24.003
32.004
38.005
44.005
50.006

% Extraction Cs-137
75.170
35.235
35.101
25.851
19.341
25.323
13.593

Table 58: Raw Data for Figure 52

CsCl Added (mg)
120.120
140.140
160.160
180.180
200.200
120.120

CsCl in Supernate (mg)
107.200
124.689
140.690
165.221
183.673
107.200

Table 59: Raw Data for Figure 53

CsCl Added (mg)
0
120
140
160
180
200
220

% Extraction Cs-137
91.275
13.680
9.840
8.771
8.892
13.042
7.424

Table 60: Raw Data for Figure 54

CsCl Added (mg)
0.000
4.003
8.006
16.012
24.017
32.023

CsCl in Supernate (mg)
0.000
1.606
4.262
10.087
18.269
25.759

189

Table 61: Raw Data for Figure 55

CsCl Added (mg)
0.000
4.003
8.006
16.012
24.017
32.023

% Extraction Cs-137
76.419
72.260
52.399
41.502
24.263
14.657

190

APPENDIX B: SPECIAL PERMISSIONS
Figures 5 and 6: Reprinted from Solvent Extraction and Ion Exchange, 23, Horwitz, E.; McAlister D.; Bond,
A.; Barrans R., Novel Extraction Chromatographic Resins Based on Tetraalkyldiglycolamides:
Characterization and Potential Applications, 319-344, Copyright 2005, with permission from Taylor &
Francis.
Figure 8: Reprinted from Analytica Chimica Acta, 266, Horwitz, E. P.; Dietz, M. L.; Chiarizia, R.; Diamond,
H., Separation and Preconcentration of Uranium from Acidic Media by Extraction Chromatography, 2537, Copyright 1992, with permission from Elsevier.
Figure 9: Reprinted from Applied Radiation and Isotopes, 95, Valdovinos, H. F.; Hernandez, R.; Barnhart,
T. E.; Graves, S.; Cai, W.; Nickles, R. J., Separation of cyclotron-produced 44Sc from a natural calcium target
using a dipentyl pentylphosphonate functionalized extraction resin, 23-29, Copyright 2014, with
permission from Elsevier.
Figure 11: Reprinted from Analytica Chimica Acta, 310, Horwitz E., Dietz, M., Chiarizia R., Diamond H.,
Separation and Preconcentration of Actinides by Extraction Chromatography Using a Supported Liquid
Anion Exchanger: Application to the Characterization of High-Level Nuclear Waste Solutions, 63-78,
Copyright 1995, with permission from Elsevier.
Figures 13 and 14: Reprinted from Analytica Chimica Acta, 281, Horwitz E., Chiarizia, R.; Dietz, M.;
Diamond, H., Separation and Preconcentration of Actinides from Acidic Media by Extraction
Chromatography, 361-372, Copyright 1993, with permission from Elsevier.
Figure 16: Reprinted from Solvent Extraction and Ion Exchange, 11, Horwitz, E. P.; Chiarizia, R.; Diamond,
H.; Gatrone, R. C., Uptake of metal ions by a new chelating ion-exchange resin. Part 1: Acid dependencies
of actinide ions, 943-966, Copyright 1993, with permission from Taylor & Francis.
Figure 17: Reprinted from Solvent Extraction and Ion Exchange, 13, Chiarizia, R.; Ferraro, J. R.; D’Arcy, K.
A.; Horwitz, E. P., Uptake of metal ions by a new chelating ion-exchange resin. Part 7: Alkaline earth
cations, 1063-1082, Copyright 1995, with permission from Taylor & Francis.
Figure 19: Reprinted from Reactive & Functional Polymers, 33, Horwitz, E., Chiarizia, R., Dietz, M.L., DIPEX:
A New Extraction Chromatographic Material for the Separation and Preconcentration of Actinides from
Aqueous Solution, 25-36, Copyright 1997, with permission from Elsevier.
Figure 20: Reprinted from Solvent Extraction and Ion Exchange, 23, Horwitz, E. P.; McAlister, D. R., he
Separation of Beryllium from Selected Elements Using the Dipex Extraction Chromatographic Resin, 611629, Copyright 2005, with permission from Taylor & Francis.
Figures 22 and 23: Reprinted from Solvent Extraction and Ion Exchange, 10, Horwitz, E. P.; Chiarizia, R.;
Dietz, M. L., A Novel Strontium-Selective Extraction Chromatographic Resin, 313-336, Copyright 1992,
with permission from Taylor & Francis.
Figure 26: Reprinted by permission from Springer, Journal of Radioanalytical and Nuclear Chemistry,
Cesium removal from solution using PAN-based potassium nickel hexacyanoferrate (II) composite
spheres, Du, Z.; Jia, M.; Wang, X., Copyright 2013.
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Poster Presentation at the College of Veterinary Medicine and Biomedical Sciences (CVMBS) Research
Symposium
Fort Collins, CO, January 2017
First Row Transition Metal Adsorption on Actinide Resin
Poster Presentation at the Los Alamos National Laboratory 2016 Student Symposium
Los Alamos, NM, August 2016
Determination of Radioisotopes in Complex Saline Matrices Using Extraction Chromatography and Liquid
Scintillation Counting
Poster Presentation at the Methods and Application of Radioanalytical Chemistry (MARC X)
Kailua-Kona, HI, March 2015
Determination of Radioisotopes in Complex Saline Matrices Using Extraction Chromatography and Liquid
Scintillation Counting
Oral Presentation at the 248th American Chemical Society National Meeting and Exposition
San Francisco, CA, August 2014
Determination of Radioisotopes in Complex Saline Matrices Using Extraction Chromatography and Liquid
Scintillation Counting
Poster Presentation at the American Nuclear Society Student Conference
University Park, PA, April 2014
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Optimizing the Solvent Extraction Separation of Samarium from Cobalt in Series 2:17 SmCo Magnets
Poster Presentation at the 245th American Chemical Society National Meeting and Exposition
New Orleans, LA, April 2013
Optimizing the Solvent Extraction Separation of Samarium from Cobalt in Series 2:17 SmCo Magnets
Poster Presentation at the 243rd American Chemical Society National Meeting and Exposition
San Diego, CA, March 2012
Optimizing the Solvent Extraction Separation of Samarium from Cobalt in Series 2:17 SmCo Magnets
Poster Presentation at the 243rd American Chemical Society National Meeting and Exposition
San Diego, CA, March 2012
Optimizing the Solvent Extraction Separation of Samarium from Cobalt in Series 2:17 SmCo Magnets
Poster Presentation at the Penn-Ohio Border Section of American Chemical Society Banquet
New Wilmington, PA, April 2012
Optimizing the Solvent Extraction Separation of Samarium from Cobalt in Series 2:17 SmCo Magnets
Poster Presentation at the Penn-Ohio Border Section of American Chemical Society Banquet
New Wilmington, PA, April 2011

Memberships in Professional Societies
American Nuclear Society
President of the American Nuclear Society UNLV Student Section, August 2015 – May 2016
American Chemical Society
Industrial & Engineering Chemistry Division and Nuclear Chemistry Division
Vice President of the Westminster College Chemistry Club Student Chapter of the American Chemical
Society,
August 2011 – May 2013

Awards
Dorothy J. Pollock Scholarship, Westminster College, 2010 – 2013
Henrietta Lee Scholarship, Westminster College, 2012 – 2013
Penn-Ohio Border Section of the American Chemical Society Award, Westminster College, 2013
Outstanding third-year chemistry major

Analytical Chemistry Award, Westminster College, 2013
Rising senior chemistry major who showed skill in analytical chemistry

Freeman Award, Westminster College, 2012
Excellence in organic chemistry

Chemical Rubber Company (CRC) Award, Westminster College, 2010
Outstanding first-year chemistry major
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Skills & Areas of Knowledge
•
•
•
•
•
•
•

Handling radioactive material
Radioanalytical chemistry & Radiochemistry
Chemistry of the lanthanide, actinide, and fission products (inorganic, trace, and environmental
chemistry)
Radiochemical separations (extraction chromatography, ion exchange, solvent extraction)
Radiation measurements (liquid scintillation counting, alpha spectroscopy, gamma spectroscopy)
Analytical chemistry (ICP-MS, ICP-AES, AAS, IR)
Routine laboratory practices (pipetting, weighing, record keeping, data analysis, report writing)
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